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FOREWORD 


Tue present volume of the Transactions is the seventh in the 
Institute of Metals series. In addition to papers presented at the 
October (1932) meeting held in Buffalo, and the February (1933) meeting 
in New York, it contains the annual lecture (February) of the Division, 
by Dr. Georg Masing, and a copy of the latest revision of the Division’s 
By-laws approved by the Board of Directors of the American Institute 
of Mining and Metallurgical Engineers April 20, 1933. This volume 
also contains abstracts of four papers on gases in metals sponsored by the 
Institute of Metals Division at a joint session with the Iron and Steel 
Division, held in February, 1932. 

That the high standard of quality and wide diversification of the sub- 
jects of papers have been maintained during a period of severe economic 
readjustment is extremely gratifying. This has been made possible very 
largely by the good work of the Papers and Publications Committee 
under the able leadership of Mr. J. L. Christie. The decided reduction 
in funds available for papers and publications has made it necessary to 
limit the size of the volume; consequently, several of the papers are 
included in abstract form only. 

The Data Sheet Committee, headed by Mr. R. 8. Archer, has con- 
tinued its excellent work of former years. As a direct result the third 
and latest revision of the National Metals Handbook, which has been 
offered to Institute of Metals Division members at a pre-publication 
price of $2.50, and which will be issued in 1933, will contain 400 pages 
of data devoted to nonferrous metals. The continued cooperation 
of the American Society for Steel Treating and the Institute of Metals 
Division in the matter of data is commendable. 

With the approval of the Executive Committee, a Committee on 
Award has been appointed, consisting of R. F. Mehl, Chairman; W. M. 
Peirce and H. A. Bedworth. It shall be among other things the duty 
of this committee to make available a suitable certificate to be presented 
each year to the Division’s annual (February) lecturer. 

The continued participation of the membership in the activities of 
the Institute of Metals Division is proof of the Institute’s great value. 

T. 8S. Future, Chairman, 
Institute of Metals Division. 


By-laws of the Institute of Metals Division 
[As ApoprEp Frsruary 30, 1930.] 


ArticLE I—NAME AND OBJECT 


Src. 1. This Division shall be known as the Institute of Metals Division of the 
American Institute of Mining and Metallurgical Engineers. 

Src. 2. The object of the Division shall be to furnish a medium of cooperation 
between those interested in the metallurgy, fabrication and uses of the nonferrous 
metals and their alloys; to represent the A. I. M. E. in so far as nonferrous metallurgy 
is concerned, within the rights given in A. I. M. E. By-law XI., Sec. 1, and not incon- 
sistent with the Constitution and By-laws of the A. I. M. E.; to hold meetings for 
social intercourse and the discussion of nonferrous metallurgy; to stimulate the writing, 
presentation and discussion of papers of high quality on nonferrous metallurgy; to 
reject or accept such papers for presentation before meetings of the Division. 


ArticLeE [I—MeEmsBers 


Src. 1. Any Member, Associate, or Junior Associate of the A. I. M. E. in good 
standing may become a Member, Associate or Junior Associate of this Division upon 
registering in writing a desire so to do, but without additional dues. 

Sec. 2. But no one who has been continuously indebted to the A. I. M. E. or to 
this Division for more than three months shall be entitled to vote or to receive publica- 
tions to which, as a member of the Division, he would be entitled. 


ArticLeE IJI—Funps 


Sec. 1. The expenditure of the funds received by the Division shall be authorized 
by the Executive Committee of the Division. 


ARTICLE [V—MEETINGS 


Sec. 1. The Division shall meet at the same time and place as the annual meeting 
of the A. I. M. E., and at such other times and places as may be determined by the 
Executive Committee subject to the" approval of the Board of Directors of the 
A. I. M. E. 

Sec. 2. The annual business meeting for election of officers shall be held within a 
few days before or after the annual business meeting of the A. I. M. E. 

Sec. 3. At any meeting of the Division for which notice has been sent to the 
members of the Division through the regular mail at least one month in advance, a 
business meeting may be convened by order of the Executive Committee, and any 
routine business transacted not inconsistent with these By-laws or with the Constitu- 
tion or By-laws of the A. I. M. EB. 

Suc. 4. For the transaction of business, the presence of a quorum of not less than 
25 members of the Division shall be necessary. 


ARTICLE V—OFFICERS AND GOVERNMENT 
Src. 1. The officers of the Division shall consist of a Chairman, two Vice-chair- 
men, Secretary and Treasurer. The office of Secretary and Treasurer may be com- 
bined in one person, if desired by the Executive Committee. 
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Src. 2. The government of the affairs of the Division shall rest in an Executive 
Committee, in so far as is consistent with the By-laws of the Division and the Con- 
stitution and By-laws of the A. I. M. E. 

Src. 3. The Executive Committee shall consist of the Chairmen, two Vice-chair- 
men, Past-chairman, Secretary, and nine members, all of whom shall be nominated 
and elected as provided hereafter in Article VII. 

Src. 4. The Chairman and Vice-chairman shall serve for one year each, or until 
their successors are elected. Each member of the Executive Committee (subsequent 
to the initial Executive Committee) shallserve three years. The Chairman shallremain 
a voting member of the Executive Committee for one year after his term as Chairman. 

Sec. 5. The Treasurer of the Division shall be invited to meet with the Executive 
Committee, but without ex-officio right to vote. He shall be appointed annually by the 
Executive Committee, from the membership of the Executive Committee or otherwise. 


ARTICLE VI—CommITTEES 


Sec. 1. There shall be six standing committees as follows: Papers Committee, 
Finance Committee, Data Sheet Committee, Membership Committee, Annual 
Lecture Committee and Research Committee, and such other committees as the 
Executive Committee may authorize. 

Sec. 2. It shall be the duty of the Papers Committee to secure the presentation 
of papers of appropriate character at meetings of the Division and of the A. I. M. E. 

Sec. 3. It shall be the duty of the Finance Committee to inquire into and 
examine the financial condition of the Division and to consider proper means of 
increasing its revenue and limiting its expenses. 

The Finance Committee shall audit the accounts of the Division and report to the 
Executive Committee prior to the annual meeting of the Division. 

It shall render a budget to the Executive Committee estimating receipts and 
expenses for the ensuing year so that action can be taken on same at the first meeting 
following the annual meeting. 

Src. 4. It shall be the duty of the Membership Committee to encourage and 
solicit membership in the A. I. M. E. and in the Division in accordance with the By- 
laws and Constitution of the A. I. M. E. 

Sec. 5. It shall be the duty of the Annual Lecture Committee to arrange for the 
presentation at the time of the Annual Meeting of the A. I. M. E. of a lecture on a 
technical subject of particular interest to the Division and the A. I. M. E. as a whole. 
This lecture is to be known as the “Institute of Metals Lecture.” This Committee 
shall make all arrangements, financial and otherwise, and render a complete report 
on same to the Executive Committee. 

Sxc. 6. The Chairman of the Division shall, subject to approval of the Executive 
Committee, appoint the Chairman and new members as required of the Committees 
referred to in Sec. 1. 

Src. 7. Appointments on standing committees shall be for terms of three years 
each with approximately one-third of the committee membership being appointed each 
year. 


ArtTiIcLE VII—NoMINATIONS AND ELECTIONS OF OFFICERS AND COMMITTEES 


Src. 1. Every year the Division shall elect a chairman, two vice-chairmen, a 
secretary and three members of the Executive Committee. 

Src. 2. A nominating committee of five members of the Division shall be 
appointed by the Chairman of the Division subject to the approval of the Executive 


Committee immediately after the annual meeting. 
Src. 3. This Committee shall make its report to the Executive Committee at or 


before the autumn meeting of the Division. 
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Src. 4. Any ten members of the Division may submit nominations for one or 
more offices to the Executive Committee not later than the date of the autumn meet- 
ing, and the persons so nominated shall be included in the official ballot. 

Src. 5. The voting shall be by letter ballot. 

Src. 6. The ballots shall be counted by a committee of tellers appointed by the 
Executive Committee. 


ArticteE VIII—AMENDMENTS 


Sec. 1. Proposals to amend these By-laws shall be made in writing to the Execu- 
tive Committee and signed by at least ten members. They shall be considered by the 
Executive Committee and announced to the members through the columns of Mining 
and Metallurgy, together with any comments or amendments made by the Executive 
Committee thereon. They shall be voted upon at the annual meeting of the Division 
in February or by letter ballot, as may be directed by the Executive Committee. 


The Institute of Metals Lecture 


An annual lectureship was established in 1921 by the Institute 
of Metals Division, which has come to be one of the important functions 
of the Annual Meeting of the Institute. A number of distinguished men 
from this country and abroad have served in this lectureship. The roll 
is quoted below: 


1922 Colloid Chemistry and Metallurgy. _By Wilder D. Bancroft. 

1923 Solid Solution. By Walter Rosenhain. 

1924 The Trend in the Science of Metals. By Zay Jeffries. 

1925 Action of Hot Wall: a Factor of Fundamental Influence on the Rapid Corrosion 
of Water Tubes and Related to the Segregation in Hot Metals. By Carl 
Benedicks. 

1926 The Relation between Metallurgy and Atomic Structure. By Paul D. Foote. 

1927 Growth of Metallic Crystals. By Cecil H. Desch. 

1928 Twinning in Metals. By C. H. Mathewson. 

1929 The Passivity of Metals, and Its Relation to Problems of Corrosion. By 
Ulick R. Evans. 

1930 Hard Metal Carbides and Cemented Tungsten Carbide. By 8. L. Hoyt. 

1931 X-ray Determination of Alloy Equilibrium Diagrams. By Arne Westgren. 

1932 The Age-hardening of Metals. By Paul D. Merica. 

1933 Present-day Problems in Theoretical Metallurgy. By Georg Masing. 
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Present-day Problems of Metallurgy 


GrorG Masinc,* Brerurn, GERMANY 
(Institute of Metals Division Lecture) + 


W3HIiLE reflecting on the subject of my present paper, I soon realized 
that it would be very difficult to say something really new about any 
special aspects of metallurgy. In consideration of the excellent scientific 
work that has been done in the United States in connection with almost 
all the fundamental questions that are of interest today, and of the 
remarkable abstracts delivered before this Institute and elsewhere in 
America, I am fully aware that I run the great risk of annoying you by a 
detailed account on a single problem. I have therefore preferred another 
method. It is not my task to teach you something, as there is no doubt 
that you are as familiar with the problems involved in physical metallurgy 
as I am, or even more so, but I would rather discuss the matter with you. 
I trust that this discussion will be useful for both you and me, and I hope, 
that it will be very instructive for myself. 

Before beginning the discussion, it may be well to explain the sense in 
which the term “physical metallurgy” will be employed in my lecture. 
On the one hand, metallurgy is understood to be the art of gaining metals 
from their ores by reducing them from their nonmetallic compounds. 
This domain may be called “chemical metallurgy.”’ On the other hand, 
it deals with all the methods of treating metals, once they have been 
obtained in the metallic state, and with all the properties of metallic 
systems. In other words, it covers the whole science of metals from the 
standpoint of their internal structure. The structure is here understood 
in the widest sense of the word and refers to the atomic arrangement as 
well as to the macrostructures of a metal. This domain of metallurgy 
may be called ‘“‘physical metallurgy.”’ If I am not mistaken, this termi- 
nology has been suggested by Dr. Rosenhain. 

We shall deal only with the theoretical views of physical metallurgy 
and not with its practical applications. 

In comparing the problems of physical metallurgy of 20 years ago and 
those of today, we notice a typical change. Physical metallurgy 20 years 
ago was almost entirely understood to be the doctrine of the constitution 
of alloys. The investigation of constitutional diagrams was almost the 


* Chief Research Metallurgist, Siemens Concern; President, Deutsche Gesellschaft 
fir Metallkunde. 
+ Presented at the New York Meeting, February, 1933. Twelfth annual lecture. 
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sole problem dealt with in metallography. In other words, the problem 
was to define the crystal phases of an alloy system, their stability ranges 
and their composition. 

The formal laws of heterogeneous equilibrium constitute the basis of 
the constitutional diagram. This thermodynamic basis has two peculiari- 
ties. First, it does not deal with any atomic problems. Its statements 
are restricted to the number and compositions of thermodynamic phases 
that are in equilibrium. This restriction, as given by the great American 
physicist J. Willard Gibbs, has been very useful, because it has enabled 
the scientist to study heterogeneous equilibria without using the calcula- 
tions of homogeneous equilibria, which previously had been tried in vain. 
And, second, it neglects the influence of the surface and of the shape of 
phases that must be taken into account in the full statement of equilibrium 
conditions. We know, for example, that the vapor pressure of a liquid 
depends uponits radius of curvature. Only by neglecting this dependence 
and assuming that the surfaces are almost plane does one obtain the phase 
rule, which states that at a given temperature a liquid has a determined 
vapor pressure. The particles seen in the microscope are, from the 
atomistic point of view, in general so large as to enable the phase 
rule practically to be applied to the study of the constitutional dia- 
grams. This law was the reliable guide, without which important prog- 
ress in the physical metallurgy of 20 or 30 years ago would have 
been impossible. 

But today the most interesting problems of physical metallurgy are 
of atomic character. In this respect, physical metallurgy has a share in 
the development of the other physical sciences. You are well aware that 
physics plays a leading part in the natural sciences of today. These 
sciences increasingly employ almost all physical methods of investigation, 
and the limiting line between them and pure physics can often hardly be 
discovered. It is the increasing application of X-ray analysis, that has 
mostly caused this development. 

This change from formal thermodynamics to the atomic theory has 
taken place gradually. The plasticity of metals was perhaps the chief 
problem subject to such development. It was rather thoroughly investi- 
gated by Ewing and Rosenhain' as early as in 1900, but in Germany it 
did not become an essential problem of physical metallurgy until a decade 
later (1912) following the research work done by Heyn? and by Tam- 
mann.* The plasticity of metals is connected with the important prob- 
lem of the crystallographic slip, and this is naturally an atomic problem. 
Unfortunately, this problem is so difficult that the atomic mechanism of 
the slipping process is at present almost as obscure as it was 20 years 


‘ Ewing and W. Rosenhain: Phil. Trans. Roy. Soe. (1900) 136A, 353. 
* EK. Heyn and Martens: Handbuch d. Materialienkd. 1912. 
°G. Tammann: Lehrbuch d. Metallkunde. 1914, 
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ago. It is obvious, of course, that formal thermodynamics, or the phase 
rule, cannot help us here. 

- Another important problem was initiated by Tammann‘ at the begin- 
ning of the World War. He stated that certain alloys which give an 
uninterrupted series of mixed crystals, as for example the silver-gold 
alloys, are not attacked at all by a reagent dissolving the less noble metal, 
provided the concentration of this metal is less than 25 or 50 atomic per 
cent (according to the nature of the reagent), but that the amount of this 
metal dissolved in such reagents rises quickly and reaches 100 per cent 
as soon as this concentration is exceeded. This means, for example, 
that from the alloys of silver with gold that contain more than 50 atomic 
per cent of silver almost all the silver is dissolved in the nitric acid, whereas 
the gold remains unattacked. Tammann called the concentration at 
which the less noble metal begins to be dissolved the parting limit. 

The most unexpected discovery of such parting limits and of the 
protecting power of the noble metals in their alloys greatly affected the 
question of the atomic arrangement in mixed crystals. This atomic 
problem was first investigated by chemical means and by statistical 
calculations and later with the aid of X-rays. We shall study it more 
closely in the following discussion. 

Actually, the constitution of alloys is still one of the main problems 
of physical metallurgy, but its meaning is now quite different from what it 
was before. At present, we regard it as the atomic lattice structure, as 
investigated, for example, by Westgren, and not merely the structure to 
be seen in the microscope. 

Furthermore the problems of diffusion, of the building and of the 
development of new crystal kinds in an alloy have been investigated for 
more than 20 years past. These are typical atomic problems. Age- 
hardening is one of them, and we shall deal with it later. 

This change from the thermodynamic to the atomic standpoint has 
given physical metallurgy many chances of advance, but has also led to 
some theoretical difficulties. The human mind is naturally to a certain 
degree one-sided. Every theory has a positive content of statements and 
neglects at the same time questions that are of minor interest for this 
particular theory. These defections are likely to be forgotten, and the 
theory enlarged until it reaches a point where it cannot stand its ground. 

If a new theoretical view is started, which is capable of clearing up 
questions left more or less obscure by the preceding theory, many diffi- 
culties and apparent contradictions arise, which, on the one hand, obstruct 
the development of the new theory and, on the other hand, tend to abolish 
even valuable parts of the old theory. 

I wish to discuss some of the problems of physical metallurgy from 
the point of view indicated above; in other words, point out the transition 


4G. Tammann: Zésch. f. anorg. Chem. (1919) 107, 62. 
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from the doctrine of heterogeneous equilibria to the atomic point of view 
and the peculiarities and difficulties arising from this transition. 


PartTiInG LIMITS 


We begin with the theory of parting limits. The behavior of such 
alloys as Ag-Au against a reagent such as nitric acid, which attacks only 
one component of the alloy, has been pointed out above. See Fig. 1. 

From the point of view of thermodynamic equilibrium, such a behavior 
cannot be understood. In the case of equilibrium, a certain value of 
electrolytic dissolving power corresponds to each concentration of the 
alloy, and the process of solution of silver in the electrolyte can be counter- 
balanced only by the osmotic pressure of silver ions in the electrolyte. If 
the electrolyte contains a certain amount of silver, the concentration of 
silver in the alloy can never fall to zero, as has been found after short 
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times of reaction with the nitric acid when the alloy contains more than 
about 62 per cent of silver, and it must gradually be reduced to zero 
from alloys of all concentrations, if the acid does not contain silver ions. 
But the fact that the reaction with the acid ceases practically completely 
as soon as the concentration of silver in the alloy falls below 50 atomic 
per cent, in other words below the parting limit, cannot be explained 
with the aid of thermodynamics. Its explanation is only possible if we 
assume that inner diffusion of the alloy, as a state of a movable equilib- 
rium, does not exist at the temperature concerned and that the arrange- 
ment of the atoms in the crystal lattice is such that the atoms of gold 
protect the atoms of silver from the reaction with the acid. 

For reagents that are weaker and mostly bivalent, the parting limit 
lies at 25 atomic per cent. (Later we shall see that this assertion is only 
approximately correct.) 

How can an atomic arrangement explain the existence of parting 
limits at 25 and at 50 atomic per cent? Before answering this question, 
one must have a conception of the path enabling the reagent to penetrate 
into the inner part of the metal. 


a Ane sc rT 
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Let us consider a simple cubic lattice, Fig. 2. The shortest distances 
between atoms are along the borders of the elementary cell. For every 


atom a, there are six atoms surrounding it at the shortest distance d; 


namely, the atoms b, c and e in the primitive cell represented in a 
figure and three phen in the neighboring cells. G. Tammann® has 
supposed that the reagent can proceed only from one nonresistant atom 
to another, the shortest distance away, and that an atom a is protected 
from the action of the reagent if no atoms in the immediate neighborhood 
are attacked by the reagent, because they are noble or because they are 
protected in one way or another. 

The solution of the reactive atoms is therefore considered to proceed 
from the surface along “coherent paths” of reactive atoms, in which two 
neighboring atoms are spaced at the shortest possible distance in the 
space lattice concerned. 

Tammannt has tried to calculate the resistance of an alloy by means of 
a statistical method, under the assumption that the atoms of both metals 
in the lattice are distributed at random. Let the atomic concentration 
of the reactive atoms be p, and of the noble atoms qg. (p + q = 1) 
Consider the reactive atom a, Fig. 2. Evidently it will be protected, if it 
is surrounded by six nonreactive atoms. For this purpose, there must be 
a group of seven atoms in the arrangement indicated in Fig. 2. The 
probability of such a group is in accordance with the theory of probabili- 
ties: 7gp°, if it is assumed that the reactive atom p may have any given 
position; viz., in the middle of the group, as well as at one of the other 
points. From these seven positions it would be protected only in the 
first. The probability of such a protective group is therefore only one- 
seventh of that mentioned above, therefore simply: p - q°. 

There are still other protecting groups containing two or more reactive 
atoms. To be protected, these atoms must be surrounded by more than 
six nonreactive atoms. Therefore it becomes necessary to consider 
groups containing much more than seven atoms. The more atoms a 
group contains, the less is its probability value. 

All the larger groups together give much smaller probability values 
than does the group having seven atoms. By adding all these probability 
expressions, Tammann obtained the probability of protection of the 
reactive atoms in dependence on the atomic ratio. If the numbers of the 
atoms considered are, as practically in every crystal, very large, this 
probability number gives the ratio of protected reactive atoms inthe 
whole crystal. In this way he obtained the dotted curve in Fig. 1 as 
against the straight line found experimentally. 

This contradiction between the calculated and the experimental 
results has led Tammann to the conclusion that the basis of the calcula- 
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tion was erroneous; in eee She that the atoms in: a mi 

- be arranged in a regular manner (symmetrically). 
: Tammann has calculated the possible regular arrangements in ¢ 
ferent crystal lattices at different concentrations and has siopaiia out t 


quickly cooled. Let us consider a face-centered cubic lattice a let 18 as 
assume that the regular arrangement of atoms is such that the atoms of — ts 
gold lie in the corners, whereas all atoms entering the faces of the unit 
cube are of copper (Fig. 3). This corresponds to 25 atomic per cent of 
gold. In this case, we should expect on the X-ray Debye film the so-called 


“superstructure” lines corresponding to the identity period d, this — x 
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Fig. 3.—FAcE-CENTERED LATTICE WITH 25 PER CENT GOLD, REGULAR DISTRIBU- 
TION OF ATOMS. 
Fig. 4.—PLaIN LATTICE WITH RANDOM DISTRIBUTION OF COMPONENTS. 


signifying the shortest distance from point to point at which the 
atomic arrangement is repeated, as against one-half the identity period 
in the random arrangement of the atoms. 

No superstructure lines have been found in the alloys of silver with 
gold. In the alloys of copper with gold, the superstructure lines appear 
only after tempering below the transition points at 400°, but the parting 
limit is developed with alloys not treated in this way. Thus it is clearly 
proved that no connection exists between the parting limits and the 
regular arrangement of atoms in the lattice. 

But how can the existence of parting limits and their position at 
definite concentration points then be explained, since the statistical 
calculation of Tammann has led to quite a false result? 

This calculation is incomplete. Consider the two dimensional lattice 
models in Fig. 4. 

Let the points be the noble atoms and the crosses the reactive ones. 
Their arrangement is an irregular one. Let us now consider the coherent 
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by ‘the agai? all the Shes reactive atoms will be protected. Now 

there are large areas into which the reagent does not penetrate at all, 

regardless of the position of single atoms in these parts as Tectyenn 

C onceived it. 

. ‘Apart from the protected positions of reactive atoms envisaged by 
‘ammann, there are conditions that enable entire blocks of crystals to be 

Bs Geasted. These conditions were neglected by Tammann. 

How can the probability of such protective conditions be calculated? 

I have tried to do this in the following way:78 

2 _ The principles underlying such a calculation may pen seen from a plane 


s model lattice, Fig. 5, which is the lattice shown in Fig. 4, but turned 
through an angle of 45°. Let us suppose that the attack is proceeding 
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Fic. 5.—CaLcuLaATION OF COHERENT PATHS. 
from the upper end along coherent paths, and let us introduce one restric- 
tion. The attack can proceed from the upper to the lower part, but can- 
: not be reversed. In other words, paths such as the one indicated in Fig. 
~ §on the left are possible, but paths similar to the one on the right are not 
possible. This is, of course, quite an artificial restriction, but it simplifies 
the discussion to a large extent and has for this reason been introduced 
by Borelius.? 
_ We consider a great. number of the paths as in Fig. 5 during the step- 
by-step progression of the attack of the reagent into the inner part of the 
lattice. We try to calculate the chance of the reactive atoms being 
reached by the reagent progressing in this way. If the reagent has 
reached the point 2, it can proceed further in two directions, to y and to z. 
If both are reactive atoms, the number of the atoms attacked by the 
reagent at the steps corresponding to y and z will be greater than at the | 
step x. If both atoms are resistive, the path will be abruptly terminated 


7G. Masing: Zésch. f. anorg. Chem. (1921) 118, 293. 
8G. Masing: Wiss. Veréffentl. a.d. Siemenskonzern (1926) 5, 156. 
9G. Borelius: Ann. d. Phys. (1924) 74, 216. 
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at 2. We consider the mean ratio of the Ee of. 
reached by the reagent at the step y, z to the same number 
for a great number of paths such as the left in Fig. 5. If this r le 
than unity, the coherent paths will die away one after the other, 
reagent will be capable only of penetrating into the superficial layer o | 
lattice and the body will be resistant. If this ratio is greater than unity, 
the paths will be gradually increased by the developing of new branches 
and the reagent will penetrate into the whole alloy. Bis 
The parting limit lies obviously at the concentration point where this 
ratio is equal to 1. ~~ 5 em 
The probability that at the point y or at the point z there alt beareac- 
tive atom is simply p, if p is the atomic concentration of this atom in the — . 
lattice under consideration. The required ratio R will then be R = 2p, _ 
or the parting limit = 0.5 = 50 per cent, in 
agreement with experiment. Nevertheless — 
this result is erroneous. We have deduced it 
by assuming that, at least in the neigh- 
borhood of the parting limit, the different 
paths will be sufficiently remote one from a 
the other to avoid mutual interference. 
. 
; 


In other words, we suppose that the reac- 
tive elements actually reached by the reagent 
are distributed statistically over every step 
(Ot eee of the path under consideration. But this 

Fra. 6.—Partinetimrriw 8 not so. The distribution at the step y, z 
A PLAIN MODEL As FounD BY is, for example, not independent of the dis- — 
ai hao etal tribution at the foregoing step. | 

Therefore it cannot be calculated statistically, and it is possible—and _ 
proves to be so—that different coherent paths interfere with one another 
even in the neighborhood of the parting limit. 

Borelius has calculated the parting limit in a somewhat different way. 

But since he also assumes a regular distribution of the attacked atoms in 
the inner part of the lattice, he obtains the same false result that I do. 

By a simple construction of coherent paths on a model lattice, Fig. 5, 
and by counting the attacked atoms, we obtain a parting limit a little 
above 66 atomic per cent of the resistant component, as I have shown 
above. Fig. 6 shows the ratio of the attacked atoms at different con- 
centration points. 

I have tried to avoid this fault by a modified calculation. This 
becomes very troublesome but I have succeeded in calculating the parting 
limit approximately between the atomic ratios 0.651 and 0.67 of the 
noble component, which is in close agreement with the result of the experi- 
ment by graphic enumeration. It has therefore been proved with 
the help of the model that there are marked parting limits, even when the 
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atoms are distributed at random. This result is very likely to hold for 
three-dimensional lattices. There now remains the discussion of the 


concentration at the parting limit. 


I have already mentioned that it seems to be almost impossible 
exactly to calculate this limit in a real crystal. 
But there appears to be another possibility of dealing with the 


j problem, as has been shown by Borelius.° In a plane lattice like that of 


Fig. 4, the condition of corrosion resistance of the alloy is that the 


_ coherent paths of the reactive atoms terminate in the neighborhood of 


the surface. But this means that they must be surrounded by coherent 
chains of resistant atoms. The condition of resistivity is then the 
existence of coherent paths of resistant atoms and the condition of 
reactivity of the alloy, the existence of similar paths of active atoms. 
Therefore the parting limit can lie only at the atomic ratio 1:1; thus at 
50 atomic per cent Borelius has been able to find this parting limit by 
counting the reactive atoms reached by the reagent on a plane model as 
that of Fig. 4; all the directions of closely spaced steps being admissible. 


- Collaterally, this result proves directly that Tammann’s statistical caleu- 


lation, as indicated above, is not correct. He has, indeed, computed his 
curve, given in Fig. 1, for four protecting atoms, as shown in the plane 
lattice Fig. 4. Thus the curve is in strict contradiction with the result 
obtained by Borelius from his enumeration method. 

If we desire to apply these considerations of symmetry to three- 
dimensional crystals, we must operate with inner surfaces instead of 
chains of atoms. Hence we shall say that the action of the reagent 
depends on the existence of coherent inner surfaces consisting only of the 
one or the other kind of atoms. If the crystal is reactive, it is divided by 
coherent surfaces of reactive atoms into a great number of parts. It is, 
on the contrary, resistant if these coherent surfaces consist of resistant 
atoms. The two conditions exclude one another, and the parting limit 
must be again at 50 atomic per cent. 

At first sight it seems to be very improbable that coherent surfaces 
should be decisive for reactivity or chemical resistance. A closer con- 
sideration shows, however, that the fundamental condition of coherent 
chains is less probable. The reagent (for example, nitric acid) has a 
molecular volume that is larger than that of the single atoms in the space 
lattice. This reagent therefore will not be able to proceed along such 
small paths as define the chains of reactive atoms. Furthermore, the 
products of the reaction, the metal cations and the lower nitric oxides, 
must be removed before the reaction can proceed further, and must be 
driven into aqueous solution. A far larger space is thus required for the 
continuous reaction than for that given in a chain of reactive atoms, and 
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Cte assumpti ion of f such chains mi 
image of the facts. indi 

It may be assumed—and we shall. enter later mc 
question—that the reaction proceeding from the oute’ 
metallic body destroys it in some way, until it finds a barrier in 
- consisting only of noble atoms. 

In this way it seems not impossible to understand that the 
limit must lie at 50 atomic per cent. But the explanation is still hi 
hypothetical and can be considered satisfactory only if it enables 
other facts to be predicted without using some new and diffic ult 
hypothesis. 

We may now consider the second parting limit, which, according to 
Tammann, lies at 75 atomic per cent of the reactive component. Tain’ 
mann has observed that this parting limit is found, if the reagent is 
bivalent, in the case of the ordinary 50 atomic per cent limit. Even this 2 
assertion may be considered to be indistinct; it is an established fact that ve 
the 50 per cent parting limit occurs in highly reactive electrolytes, while — 
the 25 per cent parting limit is found in less reactive electrolytes. In the — 

case of the 50 per cent limit the condition of the limit can be supposed 
to be symmetrical, so far as the single points of the lattice are concerned. _ 
They must be occupied as often by the atoms of the one as by those of the 
other component. The probabilities for these two events are simply — 
given by the atomic ratios p and q for the reactive atoms P and the 
resistive atoms Q, respectively, and the required condition is p = q, or 
p=q= 0.5, sinceep +q=H. 

We may suppose that in the case of a bivalent or a less energetic 
reagent the groups containing one single atom are no longer decisive, but 
rather the groups set up of two atoms. This supposition is not quite new; 
Tammann has already employed it, in discussing parting limits on the 
basis of regular atomic arrangements. We shall suppose, furthermore, 
as Tammann did, that in such a case a group of two atoms is reactive 
only when it consists of two reactive atoms. If it consists vf one reactive 
and one resistant atom, it is resistant as a whole. 

The condition of the parting limit will again be that the probability 
of the resistant two-atomic groups is equal to the probability of the 
reactive groups. 

The probability of the groups consisting of two reactive atoms is p?, 
of the two resistant atoms q’, and of a resistant and a reactive atom 2pq. 
(The sum of these probabilities must be 1.) The parting limit is there- 
fore given by the equation 


p=wq+g=1-p? 
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Au-concentration, Atomic Per Cent 


The 0.25 limit is fairly well indicated in the case of some reagents 
with copper-gold alloys and, to some extent, with silver-gold alloys; 


but generally this parting limit tends to lie in the former, below and, in 


the latter, above this figure for the concentration of the noble component. 


In general, this limit is less defined and fluctuates more than the 50 


atomic per cent limit. In the silver-gold alloys, the former limit is 


poorly defined. 


Table 1 shows that the parting limit of the silver-gold alloys lies often 
in the neighborhood of 0.29, as required by the calculation. The mean 


value as given in Table 1 of the limit for these alloys is about 0.276. 


The mean value for the alloys of copper and gold, about 0.233, is lower 
by 0.04 than for the silver-gold alloys. This deduction of 0.25 parting 


has been given by Dehlinger and Glocker." | 


Now, from the theoretical point of view, one is justified in expecting 
that the silver-gold alloys are more ideal solid solutions than are the 
gold-copper alloys, since the latter form the compounds Cu;Au and CuAu. 
Therefore it may be supposed that at higher temperature (above the 
temperature of the formation of these compounds) the affinity between 
copper and gold acts according to the law of the distribution of atoms in 


11 U. Dehlinger and R. Glocker: Zisch. f. Phys. 
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These are reactive. 
The parting limit is given by the relation 
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or 
q=\% — 0.25 


In this case, the parting limit is lowered by about 0.04 as compared with __ 
that of the silver-gold alloys. re 

We shall not discuss the question of the copper-gold alloys here in 
detail, because we stand at the moment upon highly uncertain ground. 
It may be mentioned, however, that if the difference between the gold- 
silver and the gold-copper alloys with respect to parting limits depends on 
deviations of the latter alloys from a simple random distribution of the 
single atoms in the space lattice, it should be expected that the law of the 
distribution of single atoms must be different at different temperatures 
above the temperature of formation of the compound AuCus, which is 
stable only beyond about 400° C. By quenching these alloys from 
different temperatures and by determining their parting limits, it must 
therefore be possible to ascertain these changes in the law of distribution 
of the atoms. 

Generally speaking, it is today of little value to set up any imaginary 
mechanism of reaction for explaining the actually observed position of the 
parting limits. Real advance can be made only on the basis of experi- 
mental investigation of the mechanism itself. The sole successful 
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: = in this direction has been made by Graf,!* who has investigated 
the reactions of different gold-copper alloys with the help of X-ray 
observations. He has found that the nitric acid in which the parting 
limit lies at 50 atomic per cent, when reacting with alloys poorer in gold 
than this figure, converts the space lattice into one of pure gold. The 
diffraction lines of gold are well defined and the orientation of the gold 
1 crystals is the same as that of the unattacked alloy. If the alloy is 
attacked by a concentrated nitric acid, the diffraction lines are broadened 
2 equally on both sides of the true copper value. They show in part new 
: orientations of crystals, as, in addition to the black spots corresponding 
_ to the prior orientation, fainter continuous ranges of Debye lines may 
: be seen. 
; The same effect is observed, if the alloy is treated with a mixture of 
nitric and hydrochloric acid, this mixture dissolving, as is known, not 
_ only copper but also gold. 
j By carefully etching off the surface layer of gold, Graf has been able 
to show that there is no gradual change of lattice constant between the 
— unattacked alloy and the gold—evidently the latter is located upon the 
unaltered alloy and intermediate concentrations do not occur between 
_ the two bodies. 
From these observations, Graf concludes that nitric acid is capable of 
bringing gold into the ionic state, but only at the weak points of the space 
lattice; for example, at the corners left after the solution of copper atoms. 
Perhaps the gold atoms are also in the ionic state on the entire surface of 
the alloy, with this one atomic layer held adsorbed by the underlying 
space lattice. Only the atoms at the ‘‘weak” points can travel in the 
electrolyte. But surely the degree of mobility will be higher for an 
ionized surface than for the atoms in the space lattice. 

It may be assumed that the gold ions cannot be stable in the presence 
of metallic copper atoms. The copper atoms must be ionized while the 
gold ions are being reduced by the copper. From a general point of view, 
this is an electrolytic reduction of gold. 

Consider the plane lattice Fig. 7A, the crosses being the copper atoms 
and the points the gold atoms. The upper part of the figure is assumed 
to be the surface at which the reaction starts. In the next moment, the 
atoms of copper will be dissolved in the acid and also the gold atoms 1 
and 2 occupying weak positions, while the other gold atoms will be ion- 
ized. Representing the gold ions by circles, we thus obtain Fig. 7B. 
The copper atom will be oxidized by one of the two gold cations located 
above it, the other will be dissolved, as being now in a ‘‘weak”’ position. 
The gold atoms of the surface will again be ionized, the copper atoms will 
be dissolved and, as the next step of the reaction, we shall obtain Fig. 7C. 
By adding identical steps we shall obtain Figs. D and E. 
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In this way we have obtained an impre 
which differs widely from that of es f fabHen 
The position of the parting limit to which this seanitoil 
lead has not yet been calculated; but it is not impossible that it : 
to the condition of Borelius, which means that the reaction will be f 
as soon as a coherent surface of resistive atoms is reached. U. Dehlin 
and R. Glocker (Op. cit.) calculate the parting limit on the basis of 
results of Graf in a somewhat different way. They assume that 
gold atoms of the surface are movable in the sense of M. Volmer and | W. 
Weber but are not ionized. Their mobility enables them to fill up voids 
left by dissolution of copper atoms; thus leading gS 


O-sexeaxex eb to the formation of a coherent protective layer : 
A DOES Ee ke gold atoms. This conception uses also the results — 
Seat Rete of Graf and signifies therefore a progress as com- 
BOSRGE2 Au atom pared with the former calculations. It is impossi-_ " 
a2—————-b cau ion _ ble to decide today whether the conception of Graf — 
CM Cu atom oF that of Dehlinger and Glocker corresponds more 
1 b closely to the truth. But Graf’s observations of | 
retizee,., TPM the diffraction lines of the space lattice of gold 
d-g—————— b after the action of the nitric acid are sharp in the — 
E Sotseaeees same way as in the case of the action of nitric and _ 


Fic. 7.—Scusmatic hydrochloric acid together, which makes the view 
ARRANGEMENT SHOWING of Graf more probable. 
Dart tice Vek TINO, As to the reaction with reagents that shows 

the parting limit at 25 per cent of the nobler 

component, Graf has found that by treating alloys containing 10 — 
to 15 atomic per cent gold no space lattice of pure gold is — 
formed. But the diffraction areas of the outer surface were broadened 
after the reaction had ceased, and from this broadening it has been cal- 
culated that the gold content of the surface layer may vary from 20 
to 40 atomic per cent. Graf’s conception is that the less reactive elec- 
trolytes having a parting limit at 25 atomic per cent do not involve a 
transition of the gold atoms into the ionized state, but that the single 
gold atoms lying at the ‘‘weak”’ points of the surface after solution of the 
copper atoms are, to a certain degree, still movable, although less so 
than when in the state of cations. They may travel on the surface, 
therefore, until they fall to deeper levels and are fixed there. In this 
way, we may obtain broken off crystal pieces with coherent gold surface 
layers and various copper contents. 

The question as to the mechanism of reaction producing in this case 
a parting limit in the neighborhood of 25 per cent is not yet settled. But 
it is noteworthy that although the reaction residue is pure gold with 
strong reagents such as nitric acid, as previously known, this is not so 
with the milder reagent having the lower parting limit. This is an 
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fPennissinn’ 8 ae eres “The pinion of a Slsion ee seabed 
ent paths” of atoms cannot explain it. 

In order to make a more definite statement as to these conditions, it 
will be necessary to investigate the matter more thoroughly in an experi- 
mental manner. 
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Age-hardening is one of the most important problems faced in present- 
day metallurgy both from the practical and the theoretical standpoint. 
_ Dr. Merica!® dealt with this problem in his lecture last year, and I 
am glad to say that I find myself in agreement with him at almost every 
point. Therefore I shall not discuss the technical questions of age- 
hardening but rather confine myself to a consideration of three or four 
theoretical questions, that seem to me most interesting today. 
You are well aware that an alloy can only be age- 


hardened if it is obtainable at ordinary temperature tz 5 
in the state of a supersaturated solution. This holds » | 
for the alloy of Fig. 8, which is homogeneous at = : 
temperatures above f, and is obtainable at room o | 

temperature ¢) in the homogeneous state when etl a 
quenched from the former temperature. If weraise 
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its temperature after quenching to an intermediate , 8 


value ¢, the alloy will be age-hardened; that is, its eels 
hardness and strength will be increased and several Fie. 8.—So.vusiuiry 
other properties altered. For some alloys, for mar is 
example, duralumin, the temperature ¢,, coincides with t, and they 
can therefore be aged at ordinary temperature. 
These conditions of the aging process clearly indicate that it is in 
some way connected with the decomposition of the solid solution. Now, 
the alloyed metal exists in the mixed crystal in atomic dispersion, and it 
is coagulated as completed crystals after the excess has been separated 
from the supersaturated mixed crystal and after the equilibrium has been 
_ reached. It is therefore quite evident that the intermediate state of the 
4 age-hardened alloy corresponds to some intermediate state of dispersion, 
or to some degree of ‘critical dispersion.’ In this general sense, the 
‘critical dispersion” theory of age-hardening is quite secured today. 
This is the first basic point I have desired to emphasize. 

The second point refers to the question as to the degree of dispersion 
that is critical. This question has not yet been definitely solved. Surely 
it has a different aspect for different alloys. 

There are alloys in which the hardening is accompanied by striation 
on the polished surface within individual crystals. The beryllium- 
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diffraction lines of the a crystals from the beginning of the age-h: 
it is apparently justifiable to speak in this case of the segregati 
second crystal type and to assume that critical dispersion is underst 
to mean simply a certain magnitude of the separated y crystals. 

But duralumin and the alloys of aluminum with copper show q 
a different behavior. The X-ray intensity analysis shows that t 
continuous background of the X-ray patterns becomes less darkened | 
during aging as compared with the pattern of the quenched alloy. At 
the same time the intensity of the Debye diffraction lines rises, especially 
of those corresponding to the higher — 
indices.'4 These statements are ex- 
plained by the assumption that the 
lattice-distorting influence of the 
diluted copper is lowered by aging. 
On this basis of X-ray interpretation 
it is actually taken for granted that 
in these alloys the age-hardening at 
ordinary temperatures occurs through 
accumulation of copper atoms into 
small groups within the aluminum 

bas eis fs ai mixed crystal, this being the first stage 
Fic. 9.—BrryLurum-coprrr attoy of a further separation. In this case 
Spetncaolershone yes coh Ne 15 the “critical dispersion” corresponds 

to quite another, obviously much 
smaller, magnitude of the nuclei and has quite another meaning. 

Are the groups of copper atoms at this stage to be considered real nuclei 
of a second crystal type? This seems to be impossible. The lattice 
constant of the mixed crystal is in fact not altered by the agglom- 
eration of copper atoms into such groups; but even if true copper nucleii 
groups were very small, such an alteration should be expected, since 
their separation would mean a change in concentration of the aluminum 
mixed crystal. To explain the fact that there is no noticeable change 
of the crystal lattice, it must be assumed that the lattice constant, as 
measured by means of X-rays, corresponds to a mean value between 
parts of maxima and minima copper content. Therefore these parts 
must still be optically coherent. This seems possible only if both remain 
in the same space lattice. 

Here we have to deal with a typical problem involved in present- 
day metallurgy. As the classical differentiation between different 
phases fails to explain the phenomena, the possible intermediate states 
should be borne in mind. Yet it is possible that the question whether 
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a group of copper atoms in the space lattice of an aluminum mixed 


crystal is a nucleus of a second phase (Al.Cu) or not is of no account. 
The formation of the crystals of the compound Al,Cu from the groups 
of copper atoms is likely to proceed continuously. These groups will 
form distortions in the space lattice of the mixed crystal, which will 
gradually increase with their increasing size, while its inner structure 
approaches more and more that of the space lattice of CuAl.. From 
the atomic point of view, the formation of a second phase can be regarded 
as a continuous process. The formation of CuAl, has been recently 
considered in this light by Mehl. 

The definitions of the classical phase rule become useless in such 
cases. As to such processes, it is of little use to ask how many phases 
there are or whether a process is a heterogeneous or homogeneous one. 
The designations, “phase,’’ ‘‘nucleus,” etc., fail in their ordinary sense, 
but this does not mean that they become Sariwiteis or erroneous; they 
are merely not sufficient to solve the atomic problems under consideration. 

But in a wider sense we may still speak of nuclei in the case of copper 
groups present in duralumin at ordinary temperature. The thermo- 
dynamic meaning of the formation of a nucleus is the sudden acquisition 
of stability. In every solution phase there occur occasionally groups 
of two or more dissolved atoms in close association. But if the solution 
is not saturated, such groups will not be stable and will disperse after a 
very short time into the surrounding solid solution. In a supersaturated 
solution there will be a certain critical inferior limit of magnitude, above 
which they become stable. These groups differ from their surroundings 
and therefore will have a term of free energy corresponding to the free 
energy of the surfaces in the liquid state. It is this term of free energy 
that makes these groups unstable if they are very small, and that loses 
its influence as they increase in size. When these groups reach the 
“critical range,” they will not be dissolved again but will remain in 
the original state of formation. We must therefore regard them as true 
“nuclei” in the thermodynamic sense of this word. 

For this reason the groups of copper atoms in duralumin, or “knots,” 
as Dr. Merica calls them, are “‘ nuclei,’ because they are stable. Another 
question is whether another jump of stability is produced when these 
groups lose their ‘‘optical contact” with the matrix phase and become 
true crystals of the second phase. We have already considered this 
question and there is in principle no necessity for this second change. 

However, there is another feature that makes it appear probable 
that there is a material difference between the formation of the ‘‘groups”’ 
or “‘knots”’ of copper atoms in the space lattice of the mixed crystal and 
the formation and growth of crystals of a second phase. Dr. Merica 
has directed attention to the fact that the hardness of duralumin, when 


16 R. F. Mehl, C. S. Barrett and F. N. Rhines: Trans. A. I. M. E. (1932) 99, 226. 
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this connection, duralumin differs appreciably from — “son 
hardenable alloys, such as the alloys of beryllium. For t 
hardness begins, in general, to decrease at the same tempers 


before the hardness starts to sink. 
This great stability of age-hardened duralumin makes it prob 
’ that the “knots” of copper atoms are in some way stabilized so that 
¢ diffusion that leads to their formation ceases as soon as they are formed. 
| An explanation for this assumption has recently been given by Dehlinger," — 
who supposes that the knots are formed by only one diffusion step; viz., 
by one change of place of atoms. As the knot is more stable than the — 
supersaturated mixed crystal, such a diffusion step must be connected — 
with a certain affinity force facilitating the formation of the knot and 
making its re-solution difficult. This is therefore not a real diffusion, _ 
but rather an crreversible reaction in the solid state. « 
By means of a brief calculation, we can show that the formation of a 
knots in such a process is probable even in solid solutions as dilute as 
duralumin with 5 per cent copper by weight = 2.2 atomic per cent copper. Fe 4 
In this alloy about 50 aluminum atoms correspond to one copper atom. | 
In the face-centered space lattice of aluminum every atom is sur- | 
rounded by 12 atoms at the shortest distance and by about 48 atoms at 
double this distance. 
It may therefore be roughly assumed that a knot of 3 copper atoms 
can be formed if a group of about 64 copper atoms contains at least 3 
atoms of copper. The probability of such a group of 64 atoms is about 
0.15, as follows: 


Groups or 64 Atoms 1n Au with 2 Atomic PER Cent Cu § 


Numper or Cu Atoms PROBABILITY . 
T OF WMOTG. 46s sce din lS ears Rane est eee ee ae 0.73 
2OY MOTE ys &.Lars-cves: sabe gees dun dnueleeeee ae eee ee 0.38 ; 
BOP WLOLE say ssccsus w ecanare nye o0d cick ae RRR te ae ee ee 0.15 


It may be supposed that the distance separating the copper atoms in 
the “knots” is about double that separating the single atoms in the 
aluminum space lattice. 

With relation to the subject of nuclei we shall deal with a third point 
discussed also in Dr. Merica’s lecture; that is the fact that an age- 
hardenable alloy, if aged at a lower temperature and rapidly heated to a 
higher temperature, first loses to some extent its hardening effect before 
the hardening again starts at the higher temperature, as may be seen 


16 U. Dehlinger: Ztsch. f. Phys. (1932) 79, 550. 
1” Reference of footnote 13. 


: Ve ha e studied this phenomenon in detail in duralumin, in connec- 
th variations due to changes in the electrical conductivity, and 
ve arrived at the following 


temperatures the conduc- 
y decreases, it rises at once 
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Fig. 10.—HARDNESS ANOMALY AFTER SUDDEN ELEVATION OF TEMPERATURE. 
_  Fiq@. 11.—AGE-HARDENING ANOMALIES. 


in an accelerated manner after being heated to higher temperatures. 
In this case, the reduction in hardness involves increased conductivity 
(Fig. 11). If the conditions at the lower temperature are such that 
the conductivity after decreasing 
rises again (in other words, if the 
initial temperature is higher than 
as shown in Fig. 11, the conduc- 
4 : tivity first drops after rapid heat- 
= cise ead ing to the second (higher) temper- 
] 


Conductivity, per cent. 
Brinell Hardness 


Hours 
Fig. 12.—AGE-HARDENING ANOMALIES. Fic. 13.—AGE-HARDENING ANOMALIES. 


ature and then rises again (Fig. 12). The last rise corresponds to the 
normal behavior of duralumin when treated at this temperature. 

If the conditions are such that during the first treating at the lower 
temperature the conductivity finally becomes constant, it is at first 


the nuclei in undercooled organic melts in the following mann 
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maintained almost constant at the higher temperature F s. 1 
the hardness drops. 2 aE 
How can these phenomena be explained? G.Tammann has counted 


first undercooled the melt to a low temperature at which nuclei areformed _ 
but crystal growth has not yet occurred. Then he heated it quickly toa 

higher temperature at which crystal growth takes place but nuclei are no * 
longer formed. By this method he rendered the nuclei visible and bya 
taking various low temperatures he could show the well-known curves — 
of nuclei formation in dependence on temperature. ' 

But M. Volmer and N. Weber!® have pointed out that thé minimum _ 

‘‘eritical size’’ of the nuclei at which they begin to be stable depends on © = 
temperature and consequently decreases with increased undercooling. — 
Indeed, the stability jump from the supercooled liquid to the crystal q 
increases with failing temperature and the free energy of the surface can 
be overcome at lower temperatures with smaller sizes of nuclei than at 
higher temperatures. It may therefore be expected that part of the 
nuclei formed at a lower temperature will become unstable when brought 
to the higher one. At this temperature only the larger nuclei will show 
further growth whereas the smaller ones will be remelted again. 

The ideas of M. Volmer and N. Weber also relate to supersaturated 
solutions; for instance, to the aging of duralumin, since we can speak here 
also of nuclei, as we have shown above. 

At the lower temperature, the size of the nuclei is small; it lies'in the 
neighborhood of the “critical value.’”’ The formation of these nuclei 
reduces the thermal movement of the atoms of copper as discussed above 
and it is therefore not probable that there will be an appreciable growth — 
of the nuclei at the lower temperature. When raised to a higher tempera- 
ture, these nuclei will become unstable and again be dissolved. The 
formation of larger nuclei starts at once. But the diffusion involved in 
this process is more extensive than that required for dissolving small 
nuclei and therefore it proceeds more slowly. The number of distorted 
points in the space lattice will therefore be diminished and the hardness 
will decrease. 

But as to this explanation, the objection may be raised that a simple 
coagulation (change of shape) of the nuclei can have the same effect. It 
seems unnecessary to make such complicated assumptions for explaining 
these observations. Again, this objection is contradictory to the behavior 
of the conductivity. If the conductivity decreases owing to the aging 
at lower temperature, this means that it is lowered by the nuclei forma- 
tion. Its rise after being heated to the higher temperature can be 
explained just as well by the solution of some nuclei as by their “coagula- 
tion.” But if the conductivity rises even at the lower temperature, as in 


18 Ztsch. phys. Chem. (1926) 119, 272. 
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& ‘Fig. 12, it is increased by the nuclei formation. The re-solution of the 
nuclei will therefore reduce the conductivity, but their coagulation will 
_ only accelerate its rise. The conductivity fall at the higher temperatures 
ean only be explained by the re-solution of the nuclei in the way assumed 
_ for liquids by M. Volmer and N. Weber. If the conditions at the lower 


temperature are such that the conductivity is not at all changed by the 
nuclei formation, there is no reason why it should be changed at the higher 
temperature. It remains constant as in Fig. 13. 

The experiments carried out by O. Dahl with silicon-nickel alloys 
yielded similar results. The hardness anomaly after a rapid heating to a 
higher temperature can thus be easily explained by the theory of 
nuclei formation. 

It is interesting that P. Merica, without knowing the results discussed 
above, assumed in his lecture of 1932 in connection with this phenomenon 
that the molecular process started during the aging at lower temperatures 
must in some way be reversed at the higher temperature. 

We may on the same basis account for another anomaly also dis- 
covered by W. Fraenkel.” Assume that an age-hardenable alloy does 
not show a definite change of electrical conductivity when aged at room — 
temperature immediately after quenching. Its conductivity drops by 
aging at the latter temperature if it has been aged partly at a higher 
temperature, say at 100° C. for aluminum alloys, and afterwards is aged at 
the lower temperature. 

Now, although we do not know the exact cause of the decrease in 
electrical conductivity by aging at low temperatures, one thing seems to be 
sure; viz., that this drop in conductivity can be produced only by “‘knots”’ 
of extreme smallness and that larger nuclei, whatever their nature may be, 
will tend to increase the conductivity in accordance with the laws of 
heterogeneous equilibrium. If the aging decreases the conductivity, 
the “knots’”’ formed will be, on the average, very small; if it increases the 
conductivity, as in duralumin at higher temperature, the nuclei on the 
average will be larger. If there is neither a decrease nor an increase in 
conductivity during aging, the smaller and the larger nuclei will be mixed 
in such proportions that on the average they will have no bearing on 
the result. 

We assume that the distribution of the second metal in the mixed 
crystal is statistically irregular. But if we begin the aging at 100°, the 
formation of nuclei will proceed preferably at centers where large ones 
can be formed. When the aging begins later at the lower temperature, 
these large nuclei will remain as formed at 100° and the formation of small 
ones will be favored. This formation of small nuclei is accompanied by a 
drop in resistivity. 


19 Zisch. f. Metallkunde (1932) 24, 277. 
20 Ztsch. f. Metallkunde (1929) 21, 2-5. 
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previous aging at higher temperature can ybta } 
a smaller concentration of the second metal. Thi has 
for the alloys of copper with beryllium. Fig. 14 shows. th 
with 3 per cent beryllium the electrical conductivity of the 
investigated first increases by aging at 250° C., while in the 
2.5 per cent beryllium it decreases in the first \ hr. of aging and 
alloy with 2 per cent beryllium i in the first 4 - In connection with tk 


of beryllium small nuclei predominate more than in es with 1 hig 

-——- eontents of beryllium. 
Thus far we have considered the (Gnaaticd of nuclei. We shall now — 
discuss changes in the matrix crystal during or after the separation of 
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Fie. 14.—INFLUENCE OF BERYLLIUM CONTENT ON THE CHANGES IN 
CONDUCTIVITY WITH AGING. 
Fig. 15.—ScHEME OF NUCLEI AND OF DIFFUSION. 


nuclei. In this, we shall confine ourselves to comparatively large nuclei 
formed at higher temperatures where a second crystal phase is definitely 
produced. During its segregation the concentration and therefore, 
generally speaking, the lattice constant of the supersaturated mixed 
crystal, is altered. Pn 
Suppose that in a supersaturated mixed crystal there are two nuclei __ 
a and b, Fig. 15, of the second phase, say of CuAl, in a solid solution of 
copper in aluminum. ‘Then the supersaturation will be eliminated in the 
neighborhood of a and 6, whereas at greater distance, say between cc and 
dd, the supersaturated solution will be wholly unchanged at first. Dif- 
fusion will start between the parts richer and poorer in copper (of maxi- 
mum and minimum copper content) and a continuous decrease of copper 
content will be developed gradually. 
A continuous change of lattice constant corresponds to this decrease 
and on the X-ray film a broadening of the diffraction lines may be expected 
between the limits that correspond to the concentration at the beginning 
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a respectively, of the segregation process. The intermediate values are 
= _ present only to a much smaller extent, so as not to be clearly marked on 
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aK lium?! and duralumin,”? but in silver supersaturated 
C pper, Nveew, Hansen and Sachs! have found, as is well known, 
se the process of the separation of copper crystals, instead of a 


e are two constants, corresponding to the beginning and to the andi 


the X-ray patterns. 
One feels inclined to assume that this indicates another segregation 


"process involving three phases, which is funda- 


mentally different from the ordinary process 


lie very close together, whereas the distances 


observed in duralumin. But this is not so, as 
the following discussion will show. 

Imagine that in the supersaturated silver 
there are regions where the separation can 
proceed more easily than in others. Such 
regions may lie at the corners of the crystals 
and the separation may occur in such manner 
that from certain single starting points 
(nuclei), crystal skeletons are formed as shown 
in Fig. 16. The branches of these skeletons Fic. 16—Nuc.Er skELETONS 
AND DIFFUSION SCHEME. 
between the single skeletons, as arising from different starting points, 
are much larger. In such a case the concentration between the branches 
of the skeleton will reach the saturation limit very rapidly, while in the 
areas between different skeletons it may be virtually unaltered. The 
segregation in these intermediate spaces will proceed much more slowly, 
either without further nuclei,formation or with the formation of a few 
nuclei in the shape of plates, so that the diffusion paths used by the 
copper atoms to reach the nuclei are, on an average, much longer than the 
paths between the skeleton branches. But if the conditions are such that 
the nuclei remain plane plates, and the segregation proceeds in accordance 


~ with Fig. 12, the unaltered value will not be observed simultaneously with 


one in the saturated equilibrium condition. Asa whole, of course, the 
process will be, retarded in this case. 

In copper saturated with silver, the last condition seems to be ful- 
filled with very large (single) crystals, and the first with fine crystals 
(polycrystalline material). With the single crystals the separation pro- 
ceeds much more slowly than in the other case.24_ It seems therefore that 


210, Dahl, E. Holm and G. Masing: Zisch. f. Metallkunde (1928) 20, 431. 
227, Gohler and G. Sachs: Metallwirtschaft (1929) 8, 671-680. 

23 N. Ageew, M. Hansen and G. Sachs: Ztsch. f. Phys. (1930) 66, 350. 
24P. Wiest: Ztsch. f. Phys. (1932) 74, 225. 


formation of een re 
The scheme given above also explains the other ae 
vation made by Ageew, Hansen and Sachs, to the effect 
crystal with segregated copper that has been cooled | 
‘temperatures again shows two distinct values of the lattice 
when reheated for a short time to a high temperature. In the neigh 
hood of the “nuclei” the branches of the skeletons evidently lie mu 
closer to one another than in the intermediate regions, and the re-solution 
of the segregated copper is in the first case greatly accelerated in — 
parison with the second case. =i 
These considerations on age-hardening may well be sceaanbedt with | 
the following general remark. The process of aging and associated a 
phenomena clearly shows, on the one hand, that a theoretical discussion _ 
of the problems involved offers great difficulties, since for the most part — 
only qualitative statements are available and, on the other hand, that — 
under these circumstances many contradictory results can be donee me 
from the same theoretical basis, so that one must be very cautiousinthe 
introduction of new fundamental hypotheses in this field. 


TRANSFORMATIONS Seid 


As to the problem of transformations of crystallized bodies, authorities 
today are chiefly interested in the question of the atomic mechanism; that 
is, the question of the path and intermediate atomic structure through 
which the body is transformed from the initial state into the final state. 
From this point of view, the problem has been studied by Mehl, Sachs, 
Weerts, Wever, Glocker, Dehlinger and many others. The results of 
these investigations show certain peculiarities of transformations in the 
metallic state—it seems that these are sometimes also found in non- 
metallic bodies, which has raised some doubt as to their treatment from 
the standpoint of the laws of heterogeneous equilibrium and the phase 
rule and in this connection as to questions of terminology. Need is felt 
for some enlargement in this respect, but if this were done without sound 
precautions new difficulties might arise. The problem seems worthy of 
detailed discussion at this juncture. 

I shall begin by reminding you of the definition of a thermodynamic 
phase as given by the great American physicist, Gibbs. With respect 
to a heterogeneous system, such as a salt solution, ice and vapor, or a 
melt and its crystals, he says: 


We may call such bodies as differ in composition or state, different phases of the 
matter considered, regarding all bodies which differ only in quantity and form as 
different examples of the same phase. Phases which can exist together, the dividing 
surfaces being plane, in an equilibrium which does not depend upon passive resistance 
to change, we shall call coexistent. 
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We see that this definition is a purely formal one; no mention is made 
4 of the nature of the properties which have diferent values for different 
E _ phases. When a single property is, to a certain extent, different in 


bodies, it is sufficient to regard such bodies as different phases. The 
_ phases are discernable bodies of a heterogeneous system, while it is quite 
irrelevant whether we discern them on account of their color or space 
lattice or resistivity or some other physical property. 

Now when Gibbs gave this definition of a phase he surely did not 
think of difficulties that might arise later. He thought of phases such 
as water and ice, or as the rhombohedral and the monoclinic modifica- 
tions of sulfur, which show such strong differences in almost all properties 
that no doubt could arise as to their phase nature. 

Later, the question of the atomic nature of phase differences and of the 
phase change arose and after the papers by Tammann and others had 
been published, it became customary to assume that different phases 
must differ in all their properties—if they did not do so in regard to a 
single property this was regarded as mere chance. For crystallized 
bodies the basis of this difference was a space lattice of different type for 
each particular phase. As to the formation of new phases from those 
already existing, the formation of nuclei and their growth was recognized 
to be the outstanding feature. With crystals, there was a formation of 
crystalline nuclei—starting points of the new phase—and their linear 
crystallization. As the types of space lattice in the two phases in equilib- 
rium were considered to be quite different, a complete atomic rearrangement 
was thought necessary for germination. As to the linear crystallization, 
it followed the well-known laws of G. Tammann. It had the character of 
a reaction velocity and the factor determining it was the comparatively 
slow process of rearrangement of molecules from the unstable into the 
stable phase at the boundary between the two. 

In this way and under the assumption that the germination number 
and the velocity of linear crystallization were constants in a given body, 
it was possible to calculate the whole process of transformation. 

However, difficulties soon arose. One of the most interesting prob- 
lems recently brought forward is that of the a-8 magnetic transformation 
in iron. 

The question as to the existence of two distinct phases, a and £, in 
iron has not been settled in spite of a long history of investigation. A. 
Westgren?® and F. Wever®’ have shown that the space lattices of both 
a and 8 iron are the same. Since that time it has been assumed that 
there is no phase transition point between a and £ iron in the constitu- 
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Thote seems to be a cicuntcmeaaeiee as to a, eee scale 
theory of Weiss makes an attempt to explain the heat development « 
cooling in the neighborhood of the Curie point purely by ferroma 
changes. But the theory of Weiss makes no statement as to the qu sti 
whether these changes occur at constant temperature or over a def 
temperature range. Evidently Ruer held 
opinion that a greater change must occur 
this transformation point than the change in 
volving magnetic phenomena. alone. 
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Temperature 


Time 
Fic. 17.Homocenrovs Clusions of Ruer have not been correct. 


AND HETEROGENEOUS TRANS- But let us assume for the sake of reasoning __ 
that Ruer’s statement is correct; viz., that the 


FORMATION. 


cooling curve actually possesses the shape of a in Fig. 17 instead of the 


shape of b, as usually assumed. Does this mean that a and B are ete =~ 


different phases? 

There is a slight, yet definite, heat of transformation. Iron in the a 
state is ferromagnetic, and in the 6 state, paramagnetic. But as to the 
other properties, these do not differ at all or at least only a little. The 
specific volume is slightly altered and in accordance with this, the dimen- 
sions of the space lattice; the other properties, as for example, the 
resistivity, show anomalies in the neighborhood of the a-8 transformation 
point but, as it seems, no discontinuous change. The whole transforma- 
tion undoubtedly can be understood to be the result of a spontaneous 
magnetization involving some slight changes of almost all properties. 

If the cooling curve a is correct, this means that during transformation 
particles in the a state and others in the 8 state, the former showing 
spontaneous magnetization, will be in equilibrium with each other. 
Gibbs’ formal definition of different phases evidently holds in this case. 
But what can be said about the nuclei formation and crystalliza- 
tion velocity? 


77 R. Ruer and K. Bode: Stahl und Eisen (1925) 45, 1184. 
@ * P. Weiss and P. N. Beck: Jnl. de. Phys. [4] (1908) 7, 279. . 


F. Wever was not able to confirm the results r 
of Ruer. With very pure iron, he detected heat — 
evolution over a temperature range instead of at 
constant temperature. It seems, that the con- 
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, first, one may Reais: areee of nuclei in a formal sense, 
e discussed later. But there is surely no rearrangement of 
ms during the germination process. The structure remains unaltered 
namely, a body-centered one—and the whole change consists in a very 
zht contraction. The state of affairs is much worse in connection 
; with linear crystallization. There will be only a propagation of the 
2 ferromagnetic state, and to identify this with a velocity of linear crystal- 
lization would apparently be quite senseless. 

We must therefore decide whether to maintain the formal definition 
of a phase as given by Gibbs, even if it will not yield any positive physical 
_ result, or to apply it only in the classical cases in which we can speak of 
germination and linear crystallization. For transformations such as 
a-8 in iron a new classification and thus a new terminology must 
be provided. s b 
é It seems that the differences between trans- 
_ formations in the classical sense and those like ks gis 
the a-8 transformation in iron—and we shall see 
_ later that in many other transformations similar e 
_ features will be found—are today so strongly So rae 

felt that it seems impossible and impractical to 
regard such cases simply asheterogeneous trans- | — 
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f he li f Volume 
. ormations. ine of demarcation must be Pig 1h = demnaunnos 
traced; the pertinent question is: where, and AND HBTSROGENEOUS EQUI- 


LIBRIUM. 
how? 


Let us now consider the possibility of using Gibbs’ definitions in 
their formal significance. 

If two different bodies—two phases—differing, say, in specific volume, 
are in equilibrium with each other, and continuous states with inter- 
mediate specific volumes do not exist, this means evidently that the 
latter are not stable, or at least are less stable, than the former. 

We may discuss this case with the help of the thermodynamic poten- 
tial of Gibbs in a manner analogous to that adopted by v. Rijn d. Alke- 
made” for binary systems (Fig. 18). 

Let us first consider the curve ab. If we assume the state of the body 
to be changed at constant temperature and constant pressure, only that 
: state corresponding to the minimum point m will be stable. The other 
states of the curve amb cannot be realized and differ materially from 
the states really existing in the neighborhood of m if both temperature 
and pressure are also changed. The change under consideration is also a 
“virtual variation” of the system that is often applied in thermodynamics. 

Now the curve ab shows that only one state m can exist. The body 
under test will be homogeneous in the equilibrium state. The curve 
amb will apply, say, for a metal above its transformation temperature. 
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2 A. ©. van Rijn van Alkemade: Zisch. f. phys. Chem. (1895) 11, 289. 
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But ae the curve cle2d posseesiae equal mi 
potential. Both corresponding states are therefc 
exist in equilibrium with one another, while the stati 
values are unstable. Indeed, a homogeneous body e has a a 


(represented by f). In this case, the pressure would he the same at 
points 1 and 2. 
From this purely formal discussion, a conclusion may be drawn | as 

to the way in which the second phase 2 can be formed from the first 
phase 1. Suppose that the system has the volume 1. We now increase _ 
the volume and the second phase 2 should be formed. But its formation 
can occur only with a certain retardation, because the nucleus of this — 
second phase must first pass through the intermediate volume states 
of the curve le2 which, if at all possible, can only be achieved after over- 
coming strong atomic resistances. These resistances can be so strong as 
to give rise to a complete rearrangement of atoms after reaching a point — 
g, or to the spontaneous formation of a nucleus of the phase 2. In other 
cases, all the intermediate states of curve le2 may be found in small 
component parts of the body, which have in some way (for example, 
by a maximum value of the kinetic energy of the molecules) been setup 
in this form. | 

While the formation of the first nuclei of the second phase is retarded, 
as this process is an improbable one, their further growth will occur 
without retardation. It is indeed highly probable that a body 2, if in 
contact with a body 1, may enable the latter to be immediately trans- 
formed into 2 without passing through the intermediate states of curve 
1le2. When once formed the nuclei will grow with "a fairly high 
velocity. 

Hence we obtain the fundamental features of a heterogeneous trans- | 
formation without further atomic assumptions. The first formation- 
of a new phase is difficult and occurs only exceptionally; therefore, only 
at a few starting points. The further growth proceeds from these 
centers, acting as nuclei, without meeting with the obstacles encountered 
in their formation. 

Without taking into account the mechanism of linear growth of the 
second phase 2, the upper value of its velocity is given by the heat develop- 
ment in the transformation process. This heat must in every case escape 
so rapidly as to maintain the temperature of the body below the point 
of transformation. 

The features of germination discussed above result in the undercooling 
of a body and in the removal of this undercooling by germination. 

Now let us proceed to a consideration of the fundamental features 
of metallic transformations. Up to the present, these have been dis- 
cussed mainly on the basis of experimental data concerning, on the one 
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_ hand, the iron-carbon alloys and, on the other hand, the gold-copper 

_ alloys, although they have also been found in many other alloys. 

; The most outstanding feature is that the new crystal body formed by 

_ transformation is often not oriented at random, but. that its orientation 

is determined in a simple way by that of the body existing before the 
transformation under consideration. In the cases investigated up to the 
present, it is generally possible to indicate a very simple homogeneous 
mechanical deformation of the space lattice allowing the crystal to pass 
from the initial state to the final one. For example, the gold-copper 
alloy containing 50 per cent of each component, if cooled to about 430° C., 
undergoes a transformation from a cubic face-centered into a tetragonal 
face-centered space lattice. Every cubic crystal gives three tetragonal 
erystals whose shortened ¢ axes are parallel to the [100] axes of the cubic 
erystal. The transformation can therefore 
be assumed to be the compression of a cubic 
crystal in the direction of one of its [100] 
axes, which is accompanied by a slight dila- 
tation in the directions perpendicular to the 
shortened axis. Which axis of the three will 
actually be shortened at a given position in 
the crystal is a matter of chance, or, strictly Fic. 19.—Facn-cENTERED AND 
speaking, of the external circumstances. pee ce ge ee 

Now in this case there is no breakdown and rearrangement of the 
space lattice and, accordingly, no germination in the molecular sense 
of the word. U. Dehlinger®® and G. Sachs*! draw therefrom the 
conclusion that the transformation cannot be described in terms of 
germination and linear growth. 

In the y-a martensitic transformation of iron-carbon alloys, Kurdju- 
mow and G. Sachs have found® that the transformation of the 
face-centered cubic space lattice into the tetragonal space lattice of a 
martensite can be regarded as a shear deformation. It has not as yet 
been possible to find similar relationships of orientation in the transforma- 
tion of pure iron, but it is highly probable that this is due to the recrystal- 
lization caused by stresses and strains during transformation, and it may 
be assumed that in general pure iron will behave in much the same way 
as the iron-carbon alloy. 

As is well known, the body-centered cubic lattice can be represented 
as a face-centered tetragonal one. 

Fig. 19 shows four elementary bodies of a body-centered cubic lattice 
(full lines), the lattice constant being d. The elementary body shown by 
dotted lines is that of a tetragonal space lattice whose tetragonal c axis is 


30 U. Dehlinger: Reference of footnote 16. 
31 Ztsch. f. Metallkunde (1932) 24, 241. 
32,§. Kurdjumow and G. Sachs: Ztsch. f. Phys. (1930) 64, 325. 
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lattice does not eat to the cubic body-centered, but to a te 
body-centered one. 

Without entering now into a closer discussion of the shearing p 
of the y-a transformation in iron, we may say that it can be res 
as a mechanism of transition from a face-centered cubic into 

a 
centered tetragonal crystal lattice. 

We can represent both the formation of the cubic @ iron and 
tetragonal martensite as a transition of this kind from the y space | 
It is a very interesting feature that the a 
of martensite may be assumed to lie betwee n 
the initial position of the atoms in y iron a nd 
their final position in the cubic a iron. — a 

| 2 In cases such as the freezing of water or 
the transformation of one sulfur modificatio: 

into another we cannot clearly visualize the i 

Volume intermediate atomic states after the begin- 
Bre. 20. ning and before the end of a nucleus forma- « 
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tion. Therefore the preceding potential curve has no real meaning 
with relation to the unstable conditions. It is accordingly more correct 
to refer these cases to a representation of potential, as given in Fig. 20, 
where the branches la and 20 rise rather abruptly. We are not able to 
make any definite assertion as to the state and the free energy eoncinne 
between a and b. 

But if the transition from 1 to 2 can be described in such a simple 
way as a slight compression of a cubic lattice in the direction [100] and a 
slight dilatation in the two perpendicular directions, as in the compound 
Cu-Au, it is very probable that the path of the homogeneous transforma- 
tion characterizes the transformation in the simplest manner and there- 
fore will correspond to the lowest values of instability in the intermediate 
states. The stability of a compressed cubic lattice is, indeed, far greater 
than that of a broken down lattice, the latter corresponding perhaps to a 
highly undercooled liquid. 

Furthermore, since it is quite certain that the transition path having 
minimum thermodynamic instability will really be followed, we can, in 
the case of metallic transformations of the type discussed, indicate the 
intermediate states occurring during transformation. In this case, and 
only in this case we therefore obtain a configuration 1e2 (Fig. 20) which 
deviates only slightly at point e from the straight line 1,2. 
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intere ting to iis that the formation of tetragonal mar- 


ts be indirectly checking this conclusion. A transformation 
3 on ‘containing carbon into a iron involves two processes: the trans- 
_ formation of the space lattice and the diffusion of carbon, since the carbon 
- _ content of the a iron is much smaller than that of the y iron. Only when 
“the excess of carbon has been segregated can the transformation take 
Br ikce in the cubic body-centered lattice. But if this segregation is 
avoided by acceleration of the transformation, as in the formation of 
_ martensite, the transition will be stopped midway; the cubic space lattice © 
of wiron with higher carbon content being unstable. We have mentioned 
_ above that the space lattice of martensite may be regarded as a step in 
_ the process of the homogeneous deformation from 7 to a iron. One step 
of this process is therefore found experimentally and we have still another 
reason to consider the intermediate stages of nuclei formation to be the 
states of an intermediate homogeneous deformation. 
ei _ As a point of curve 1e2 becomes stable by a comparatively slight 
change of the stability conditions due to the introduction of carbon into 
the iron, it is experimentally proved that the curve 1e2 lies, in fact, only 
slightly above the straight line 1,2. 
Now what can be said concerning the linear growth of the nuclei of 
the new phase? Since the whole transformation can be regarded as a 
simple mechanical deformation, the rearrangement of the lattice at the 
_ boundary of the nuclei will be very simple and can, in the atomic sense, 
by no means be called a ‘‘reaction.”’ It is to be expected that this trans- 
formation will spread out rapidly. As the nuclei formation also pro- 
ceeds much more easily than in ‘‘classical”’ transformations, the whole 
process must be a very rapid one. Sometimes it is, in the way mentioned 
a above, practically regulated only by the heat balance of the process. 
4 Since the two states before and after transformation differ only slightly 
from one another, metallic transformations of this kind have a small 
heat of transformation, as Dehlinger has pointed out.** 

As to the nature of the linear growth of the second phase, we can 
affirm that in connection with copper-gold, this is, at least for single 
crystals, more properly to be compared with an elastic wave than with a 
velocity of reaction. The transformation extends from a “nucleus” 
in much the same manner as gliding or Liiders line in the tensile test 
spreads out from the point where the shearing has started, or as the shear- 
ing of a crystal in Iceland spar (Islindischer Spat) spreads out from the 
point where the crystal is compressed by means of a knife. The most 
striking feature of this kind of propagation of the ‘‘waves of transforma- 

: tion” is the formation of martensite needles; its velocity is, indeed, so 
. high that up to the present it has not been possible to measure it even by 
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means of a film camera.*4 We know from E. Scheil’s*® work that it is 
the shear stress that causes martensite to be formed from austenite. In 
this case it is indeed hardly possible to speak of germination, or of “crystal 
growth” in the same sense, as this is by common consent avoided in 
connection with the shearing of Iceland spar or the gliding process 
in metals. 

But it must be remembered that between these two last processes, 
even though they resemble transformations, and the one just discussed, 
’ the most important difference is that in the latter we have the formation 
of a new body in a true thermodynamic sense. 

We may now inquire whether these metallic transformations are really 
heterogeneous even from the standpoint of a formal definition. This 
question can only be answered when we can observe an equilibrium 
between the two phases that are transformed one into the other. In 
martensite this is impossible. But it is very likely to occur in the 
y-a transformation of pure iron, in which certain properties are altered 
at constant temperature. At this temperature a and y must therefore 
be in equilibrium with one another. Since, on the other hand, we have 
seen above that the y-a transformation is one offering typical difficulties, a 
true heterogeneous transformation from the thermodynamic point of 
view can occur even if: 

1. The orientations of the two phases stand in a simple relationship 
to one another. 

2. The transformation can be regarded as a homogeneous mechan- 
ical deformation. 

3. There is no germination in the sense of a breakdown of one atomic 
arrangement before the formation of another one. 

4. The crystal growth does not reveal the atomic character of a veloc- 
ity of reaction. 

The fact that such a transformation is heterogeneous results in for- 
mation of the new crystalline variety from individual starting points with 
ensuing rapid propagation. We can therefore in this case still speak of 
the formation of nuclei and of their growth. 

If the transformations were homogeneous, there would be no arrest 
on the temperature curve with pure substances, but rather a period of a 
retarded fall of temperature (Fig. 17, b). 

The discussion of the question whether a transformation is homogene- 
ous or heterogeneous is justified only with respect to equilibrium con- 
ditions that are in general not encountered in our experiments but may be 
extrapolated from our experimental results; usually these extrapolations 
may be considered justifiable. But it is interesting to notice that in 
the metallic phenomena under consideration the nature of the process will 


** A. J. Wiester: Ztsch. f. Metallkunde (1932) 24, 276. 
% EH. Scheil: Archiv. f. Eisenhtittenwesen (1928) 2, 1. 
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we The equilibrium condition for as transformation 1-2 is given at a 


: in this figure. Here the potential values are equal for 1 and 2. If the 


system is somewhat undercooled, the potential of the phase stable at 


lower temperatures will be lower, as represented by b. The point e is 


still a low maximum and the states in its neighborhood are less stable than, 


_ forexample,1. At least part of curve 1le2 will therefore not be obtainable, 


just as in the equilibrium condition. But if the undercooling is more 
pronounced it may happen, as in Fig. 21, c, that curve le2 will not show a 
maximum. If we pass along this curve from the left to the right, suc- 
cessive points will correspond to states of increased stability. From a 
general point of view, it must therefore be possible 
to determine each intermediate state on curve le2, 
if we are able by any means to arrest the progress 
of reaction; for example, by quenching or by com- 
bining the transformation of the space lattice with 
another slow process such as segregation. 

It is possible that these conditions are attained 
in the formation of martensite. The y-a trans- 
formation of iron containing carbon is combined 
with the slow process of the separation of cementite. 
In this case, states 1 and 2 therefore differ not 
only in space lattice but also in carbon content. 


Potential 


Volume 
The separation of carbon can be prevented by Fic. 21.—CHANGE oF 


quenching and we are thus able to establish an TRANSFORMATION BY 


4 . : UNDERCOOLING. 
intermediate state, as discussed above. 


It is possible that similar conditions are encountered in the compound 
gold-copper, where the slow process combined with the transformation 
of the space lattice is the formation of a regular atomic distribution. 

There may therefore be cases of heterogeneous equilibrium of this kind 
in which the transformation is of a homogeneous character if it occurs at a 
point far enough removed from the equilibrium condition. The question 
is not yet settled whether such behavior will actually be realized in any of 
these transformations. If the intermediate states from the first possess a 
stability as low as we find in the ‘‘classical” transformations, it seems 
hardly possible that they should be obtainable by such a change 
of conditions. 

If we now expect to draw conclusions-as to the classification of trans- 
formations, it must be emphasized that, although there are pronounced 
differences between the transformations of the two kinds, as represented 
by sulfur and iron, many intermediate cases will doubtless occur. For 
example, although the different space lattices of the body experiencing a 
transformation often cannot be derived from one another after the 


of the mother body, as has bee 
I believe that this law will hold for rn 
mechanism, we must admit that this is likely to be more or 
cated. Mehl has shown that in the segregation of the compour 


homogeneous deformation. This field has not as yet been investiga 
and it is today impossible to say anything about the limitations of t 
two kinds of transformations. | ? {nae 
It is my belief that transformations should be classified as follows: x 
The definition of the phase and of heterogeneous equilibrium as gi 
by Gibbs must be employed in its purely formal sense. If two 3 
tinguishable homogeneous states of matter are in equilibrium with one ~ 
another, their transitions are heterogeneous. The intermediate states 
are therefore unstable in the sense discussed above and the formation _ 
of the new phase begins at a few starting points and spreads out from these + 
points. .These two expressions are more general formulations of the 
terms, germination or formation of nuclei and velocity of linear crystalli- es 
zation. It is assumed that they are clear enough to express the view of 
Gibbs and are for the purposes of general discussion preferable to the 
other expressions, as they do not refer to the atomic conditions inherent 
in the latter. 

The heterogeneous transformations, as defined above, are divided 
into two great groups which we may designate as nonmetallic trans- 
formations and metallic transformations. These expressions are designed 
to indicate the character of the process and the equilibrium involved 
therein rather than the group of chemical bodies in which they are 
found; in a similar sense, as, for example, the expression “metallic con- 
ductivity” characterizes the type of conductivity. 

The nonmetallic transformations have a comparatively large heat of 
transformation, the alteration of properties is considerable and the 
intermediate states are highly unstable. It is not possible to describe 
them either atomically or thermodynamically. The difference of atomic 
arrangements in both phases is so great that it is not possible to indicate 
a simple mechanism of transformation. The starting points of the new 
phase are nuclei that are formed by the rearrangement of atoms. The 
spreading out of these nuclei has the character of a chemical reaction 
velocity and is called velocity of linear crystallization. 

It may be assumed that the energy content of the intermediate state 
is in accordance with a complete breakdown of the crystal lattice erin: 
other words, with the amorphous state. The energy of activation of the 
germination of the new phase will be of the same order of magnitude as 
the heat of crystallization of the melt. If the activation energy is known 
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at The. metallic Pert tions have, on the contrary, a small heat of 
1 insformation and a less pronounced change of properties. The inter- 


‘ ten, _ These reraliic transformations may be Sid oa te 
changes in which the displacement consists of homogeneous mechanical 
deformations. But it is almost certain that such a definition is too 
restricted. In the future it will be most important to find the true 
Bee nry between the atomic rearrangements corresponding to the two 
_ kinds of transformation. 

¥ The degree of instability of the intermediate states of material between 

_ two transformation steps is low, perhaps of the magnitude of mechanical 

_ strains. These states presumably can be obtained for short intervals of 
_ time, as compared with periods inherent in certain kinetie states in 

mechanics; as, for example, strains at the various points of an elastic 
wave. If the wave velocity of a material is about 1000 meters per second 
and the wave length 100 cm., the period of the wave will be 10? sec., 
and the duration of comparatively constant strains can be assumed to be 
of the order of magnitude of 10~* sec., whereas in nonmetallic trans- 
formations the durations of unstable states can be compared with the 
lifetimes of unstable atomic configurations and must therefore be of the 
order of 10-°° seconds. 

The weak point of the proposed classification lies in the fact that the 
nature of the boundary line between the two kinds of transformation is 
not yet definitely known and that there will probably not be a sharp 
limit at all, but rather a range of transition. Nevertheless, the suggested 
classification may be useful in the same way that the general classifica- 
tion of matter into metallic and nonmetallic bodies is in spite of the lack 
of a strict line of demarcation. 

In the above discussion we have treated transformations alone and 
have dealt chiefly with pure metals and compounds. Analogous con- 
siderations will doubtless be applicable more generally to reactions in the 
crystalline state. These are generally associated with a change in 

- eomposition of the transformed body which is in the nature of a slow 

process regulating the velocity of the whole reaction. These cases are 

more complicated than transformations without change of composition 
and are today being subjected to a most thorough investigation. 
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A Study of Segregate Structures in Copper-tin and 
Silver-zinc Alloys* 


By D. W. Smrru,{ PirrspureH, Pa. 
(Buffalo Meeting, October, 1932) 


Tue beta solid solution phases of the systems copper-zinc, copper- 
aluminum, copper-tin and silver-zine are structurally analogous.’ R. F. 
Mehl and O. T. Marzke? have shown that the a phase upon segregating 
from the 6 phase in the system copper-zine takes the form of needles 
lying parallel to a [111] direction or some similar direction, such as [556], 
of the parent solid solution, and that the a phase upon segregating from 
the 8 phase in the system coppéer-aluminum also takes the form of needles. 
By analogy they assume that in this case also the segregate needles lie 
parallel to the [111] or [556] direction in the 6 lattice. 

The purpose of this investigation is to determine whether the struc- 
tures resulting from segregation of the a phases from the respective 
8 phases of the systems copper-tin and silver-zine are analogous to 
those obtained by Mehl and Marzke in the systems copper-zine and 
copper-aluminum. 


SEGREGATION OF THE a PHASE FROM THE 6 PHASE IN THE COPPER-TIN 
SYSTEM 


Preparation of the Alloy.—An alloy containing 74.92 per cent (by 
weight) of copper and the balance tin was chosen for this investigation. 
This alloy, as can be seen from a portion of the constitutional diagram, 
Fig. 1, of the system copper-tin by Hamasumi and Nishigori,? with the 
proper heat treatment should segregate the a phase out of the 6 parent 
solid solution phase. The alloy was prepared from high purity cathode 
copper (analyzing 99.98 per cent Cu) and Straits tin (analyzing 99.94 
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per cent Sn). The mixture was melted (tin added after the copper 
was melted) in a graphite crucible under a borax flux in a gas-fired 
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Fie. 1.—A PORTION OF THE CONSTITUTIONAL DIAGRAM OF THE SYSTEM COPPER-TIN. 
(Hamasumi and Nishigori.) 


pot furnace. The molten alloy was thoroughly stirred with a fused 
silica rod and allowed to cool slowly in the melting crucible, in order 


Fig. 2.—STrRucTURE PRODUCED BY THE SEGREGATION OF THE a PHASE FROM THE £ 
PHASE OF THE COPPER-TIN ALLOY. X 50. 


to obtain a coarse-grained structure. This procedure was followed 
because this alloy is very hard and brittle and the method of obtaining 
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a coarse-grained structure by the process of straining and annealing is 
not applicable. 

Various heat treatments were 
tried in order to determine the 
proper conditions for formation 
of a well defined segregate struc- 
ture. It was found that by 
annealing at 700° C. for 2 hr., 
then allowing furnace cooling to 
550° C. and finally quenching in 
water, the desired structure was 
obtained (Fig. 2). The final 
quench from 550° C. was neces- 
sary because this alloy suffers a 
eutectoid inversion at 508° C. 
(Fig. 1). 

Form of the Segregate-—Several 
specimens, each containing large 
grains exhibiting well defined seg- 
regate structures, were cut and 
polished on two surfaces at 90° 
to each other. The two surfaces 
were inspected under a microscope 
at and immediately adjacent to 
the edge between them, using 
oblique (45°) illumination. With 
this technique it was found that 
the segregate was needlelike and 
not of plate or polyhedral form. 

Fig. 3 is a composite photo- 
micrograph of one of these grains 
polished on two surfaces mutually 
at right angles. It shows the a 
segregate need'es (light in the 
photomicrograph) on the two pol- 
ished surfaces with the edge be- 
tween the two surfaces (indicated 
by arrows) passing through the 
center. It can be seen that a seg- 
regate particles making long traces 
on one surface do not passover the 
edge on to the other surface; indi- 
cating, of course that, the segregate is of needle form. However, on the 
left-hand side of the photomicrograph can be seen a set of needles which 
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TIN ALLOY SHOWING TWO SURFACES CUT AT 90° TO BACH OTHER. 


ARROWS INDICATE THE EDGE BETWEEN THE TWO SURFACES. 


Fic. 3.—CoMPoOsITE PHOTOMICROGRAPH OF THE COPPER- 
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do not possess long traces on either surface of polish but appear to line 
up so as to indicate the presence of a plate or lamella. 

Crystallographic Direction [hkl] of a Segregate Needles—For the 
determination of the crystallographic direction in the 6 matrix along 
which the a phase segregates, a grain was chosen which exhibited several 
well defined traces of the segregate needles on the surface of polish. 
The orientation of the 8 matrix with respect to the surface of polish and a 
suitable reference scratch was determined by means of the Davey- 
Wilson X-ray method.‘ 

Fig. 4 is a stereographic projection of the grain with the surface of 
polish coincident with the plane of the projection and the reference 


Fig. 4.—STEREOGRAPHIC PROJECTION OF 8 COPPER-TIN GRAIN. 
_ Dashed-line diameters represent directions taken by a-segregate needles. Solid- 
line diameters represent normals to these directions. 


scratch parallel to the horizontal diameter marked ‘ Reference Line.” 
The poles of the isometric forms {110}, {111} and {112} are shown by 
small circles marked with the Miller indices of form. The traces which 
the segregate needles delineated on the surface of polish appear as 
dashed lines. The longest and best defined traces made by the needles 
on the surface of polish are AA’ and BB’. 

From the projection it can be readily seen that these traces lie very 
close to poles of planes of the form {111} which are themselves near the 
periphery of the projection. The normals (full lines in Fig. 4) to all 
traces pass, with a high degree of accuracy, through poles of planes of the 
form {112}. These planes in the 6 matrix lie in a zone surrounding a 


4T. A. Wilson: A Study of Crystal Structure and Its Application, XII. General 
Elec. Rev. (1928) 31, 612. 
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[111] direction, and the normal to any trace made by the segregate 
needle lying along a given crystallographic direction must necessarily 
pass through the pole of some plane lying in the zone surrounding that 
given direction; therefore it appears most likely that the a phase on 
segregating out of the 6 phase takes the form of needles parallel to [111] 
directions of the 8 phase. 

Twin Bands in the 8 Phase.—During the course of the preparation of 
specimens for this investigation it was found that the 6 phase of the 
copper-tin alloys twinned readily as a result of a very small amount of 
strain, such as that produced by the scratching of a polished surface with 


Fic. 5.—Twins IN THE 8 PHASE OF COPPER-TIN ALLOY RESULTING FROM A SCRATCH 
MADE BY A SHARP POINTED SCRIBE. X 275. 
Fie. 6.—SAME SPECIMEN AS IN Fic, 5 AFTER ANNEALING 2 HR. AT 700° c. WITH A 
SUBSEQUENT QUENCH IN WATER. X 275, 


a sharp pointed scribe (Fig. 5) or by cutting out a section with a hack- 
saw. This twinning was confined to areas adjacent to the application 
of stress and did not penetrate deeply into the specimen, probably because 
of the hard, brittle, nonplastic character of the B phase. 

When a specimen, strained as described above, was heated to a 
temperature well up into the @ field (700° C.) and held at that tempera- 
ture for 2 hr. with a subsequent quench in water, the twins appeared to 
grow in size and penetrated farther into the specimen, as shown in Fig. 6. 
In order to study this structural feature a specimen was chosen which 
contained two large grains revealing many twin bands in the two surfaces 
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of polish at right angles to each other. The orientations of the grains 
were determined in the usual manner with respect to one surface of polish 
and the edge by means of the Davey-Wilson X-ray method. Figs. 7a 


Fig. 7.—STEREOGRAPH PROJECTIONS OF 6 COPPER-TIN GRAINS. 
Circles represent poles of planes of the form {123}. 
Crossed circles represent poles of planes of the form {112}. 
Filled circles represent poles of planes of the form {133}. 
Solid-line diameters represent normals to directions of twin bands in first surface 
of polish. 
Crosses represent poles of the twin planes. 


and 7b are stereographic projections of the two grains; in each case one 
surface of polish (hereafter referred to as the first surface) is in the plane 
of the projection and the other surface of polish (hereafter referred to as 
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: 
the second surface) at right angles to the first, is represented by the 
horizontal diameter of the projection—the reference line. 
Normals to the traces made by the twin bands on the first surface 
were plotted on those projections and appear as straight-line diameters. 
The poles of the twin planes, which could be traced accurately on the 
two surfaces of polish and over the edge, are represented by crosses in 
the projections. Although the coincidence of these crosses with poles 
of the {133} form is not particularly satisfactory, it is sufficiently accurate 
to indicate that the plane of twinning in the 6 phase of the copper-tin 
alloys is definitely not the {112} family of planes as is the body-centered 
cubic ferrite. The possibility of the {123} family constituting the 
twinning planes was considered, but the fact that the maximum number 
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Fic. 8.—REPRESENTATION OF TWINNING ON {133} PLANES IN A BODY-CENTERED CUBIC 
LATTICE, PLANE OF PROJECTION {133}. 


of traces observed within a single grain on a given surface of polish was 11 
is against this assumption because this family of planes yields 24 traces. 
It would seem that more than one-half of these should actually be 
observed in a specimen cut at random. It therefore appears reasonable 
to assume that the plane of twinning in the 6 phase of copper-tin alloys 
is actually of the form {133}, requiring a maximum of 12 traces. Fig. 8 
graphically represents this possibility of mechanical twinning on the 
{133} plane of the body-centered cubic lattice. 

Pseudomorphic Segregation of the a Phase along Twin Bands of the 
8 Phase.—The specimen which has just been described with reference to 
the location of the plane of twinning was heat-treated to segregate the 
a phase. It was found that annealing the specimen at 550° C. for 2 hr. 
with a subsequent quench in water brought out the desired a phase in 
the form of plates along the twin planes, and that the twins were no 
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longer apparent but had apparently been obliterated during the process 
of segregation. Fig. 9 is a photomicrograph of this structure showing 
the @ segregate appropriating positions formerly occupied by twins 
according to check measurements made as in the original determination 
of the twinning plane. Following these check measurements, the orienta- 
tion of the grain was redetermined by the Davey-Wilson X-ray method 
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Fic. 9.—PSEUDOMORPHIC SEGREGATION OF a@ PHASE ALONG PLANES ORIGINALLY 


OCCUPIED BY TWINS. X 150. 
Fig. 10.—OccURRENCE OF TWINS IN THE @ SEGREGATE. XX 150. 


and it was found that no change had occurred other than some slight 
distortion as evidenced by ‘‘fuzzy”’ reflections. 

Orientation of the a-phase Segregate with Respect to the B-phase Parent 
Solid Solution.—-With the proper heat treatment, the a phase could be 
segregated from the 6 phase in the form of small rounded particles, 
practically all of which contained twin bands (Fig. 10). This occurrence 
of twins in the a segregate opened up an avenue for determination of the 
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orientation of the segregate with respect to the matrix material, which 
otherwise would have been impossible or at least extremely difficult, as 
generally recognized in problems of this sort. 

It is a well-known fact that the a phase twins on {114 planes, and it 
is not difficult to determine, by means of X-ray and stereographic meth- 
ods, which plane in the 6-phase matrix is parallel to the twinning plane 
{111} so clearly revealed in these particles of a segregate. 

A specimen was chosen and polished in two surfaces at right angles to 
each other and the angles made by the traces of the twins with the edge 


Fig. 11.—STEREOGRAPHIC PROJECTION OF 8 COPPER-TIN GRAIN. 


Solid-line diameters represent normals to directions of a twins on surface in plane 
of projection. 


‘reat circles represent normals to directions of a twins on surface at 90° to plane 
of projection. 


between the two surfaces were accurately measured. The full line 
diameters, in Fig. 11, represent normals to traces of the twins made on 
the surface of polish which is in the plane of projection and the great 
circles represent normals to traces of the twins made on the surface at 


right angles to the plane of projection and whose projection is the hori- 
zontal diameter, or reference line.® 


* This method of stereographic analysis was used by N. T. Belaeiw [Jnl. Inst. of 
Metals (1923) 29, 379] and R. F. Mehl and C. 8. Barrett [Trans. A.I.M.E. (1931) 93, 
Inst. of Metals Div., 78]. 

The locus of poles of all planes capable of producing a given trace on the surface 
of polish which is in the plane of the projection is represented by a straight-line diame- 
ter while the locus of poles of all planes capable of producing a given trace on the 
surface of polish at 90° to the plane of the projection and whose projection is the 
diameter labelled “Reference Line,” is represented by a great circle whose diameter is 
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The orientation of the 8-phase matrix was determined by the Davey- 
Wilson X-ray method and the poles of {110} planes of the matrix were 
plotted on the projection. The intersection of a normal to a trace on one 
surface with the normal to a corresponding trace on the surface at 90° 
to the first represents the pole of a plane which would give these traces 
on the two surfaces. As can be seen in Fig. 11, a proper choice of 
intersections yields poles of (twinning) planes almost exactly coincident 
with {110} poles of the 6 matrix. : 

The family of {110} planes is a simple set (with a maximum of six 
traces on a surface cut at random) and there is no reason to believe that 
we are dealing with more complicated planes of higher indices, which 
might conceivably be admitted within the limit of error of the above 
analysis. It therefore seems safe to assume that the a phase segregates 
out of the 6 phase with a {111} plane parallel to a {110} plane of the 
B phase. 


SEGREGATION OF THE a PHASE FROM THE 8 PHASE IN THE 
SILVER-ZINC SysTEM 


Preparation of the Alloy.—An alloy containing 67.76 per cent silver 
(by weight) and the balance zine was chosen for this investigation. 
This alloy, as can be seen from a_e,,, 


portion of the constitutional diagram, — ,,,/\> 

Fig. 12, of the system silver-zine by _ ,,,| 

Guillet and Cournot,’ with the proper _,, ee 
heat treatment will segregate the a : | 
phase out of the 6 parent solid solution 
phase. The alloy was made up from E 
high purity electrolytic silver and i 
C.P. triple distilled zinc. The zinc 
was melted first in a _ graphite 
crucible under a protective cover of i eal 
charcoal in a gas-fired pot furnace. ic ARR tN 5 ee a ae 
When the zinc melted the silver was Tinie AP onan ere aroha 
added slowly and stirred into the melt stTiTuTIONAL DIAGRAM OF THE SYSTEM 
while at the same time the tempera- SILVER-ZINC. (Guillet and Cournot.) 
ture was increased to keep the mixture molten. The molten alloy was 
thoroughly stirred with a fused silica rod and allowed to cool slowly in 
the melting crucible in order to obtain a coarse-grained structure and to 
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determined by the complement of the angle which the trace made with the edge 
between the two surfaces. The pole of the plane sought is found at the intersection 
of the straight line diameter and the corresponding great circle. 

6S, Guillet and J. Cournot: Influence of Heat Treatments on Certain Alloys of 
Ag-Zn and Ag-Cd. Rev. de Mét. (1930) 27, 1. 
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assimilate, as nearly as possible, the same conditions as those under 
which the copper-tin alloy was prepared. 
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Fic. 13.—Srructure PRODUCED BY THE SEGREGATION OF THE @ PHASE FROM THE 
PHASE OF THE SILVER-ZINC ALLOY. SONU 

Various heat treatments were tried in order to determine the proper 

conditions for formation of a well defined segregate structure. It was 

found that by annealing the alloy at 630° C. for 24 hr. and then trans- 
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Fig. 14.—STEREOGRAPHIC PROJECTION OF $8 SILVER-ZINC GRAIN. 
Dashed-line diameters represent directions taken by @ segregate needles. 
Solid-line diameters represent normals to these directions. 

ferring it to another furnace at 315° C. , retaining it at that temperature 
for 2 hr., and finally quenching it in water from that temperature, a well 
defined segregate structure was developed, as illustrated in Fig. 13. 
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The quench in water from 315° C. was necessary as the B-phase matrix 
material suffers a eutectoid inversion at 264° C. (Fig. 12). 

Form and Crystallographic Direction [hkl] of « Segregate-——The same 
method of procedure was applied to this alloy as to the copper-tin alloy. 
It was again found that the a phase segregated from the 6-phase matrix 
in the form of needles. Fig. 14 is a stereographic projection of the grain 
chosen for investigation. The orientation of the grain was determined, 
as in previous cases, with respect to the surface of polish, which is in the 
plane of projection, and a reference scratch which is parallel to the hori- 
zontal diameter of the projection, or ‘‘reference line.”’ 

The traces made by the segregate needles on the surface of polish 
were plotted and appear as dashed-line diameters. The longer and 
better defined traces are AA’ and BB’. These directions lie very close to 
poles of planes of the form {111} which are situated close to the periphery 
of the projection. Normals to these traces, appearing as solid-line 
diameters in the projection, are accounted for by poles of planes which 
lie on a zone surrounding [111] directions and therefore, just as in the 
copper-tin alloy, it appears most likely that the a phase on segregating 
out of the 6 phase takes the form of needles parallel to [111] directions 
of the 8 phase. 

Unsuccessful attempts were made to produce twin bands in the 6 
phase of the silver-zine alloy, as was done in the copper-tin alloy. Various 
heat treatments were also conducted in an unsuccessful effort to produce 
twins in the a-phase segregate. However, judging from the results of 
the investigations on these two systems, it appears reasonable to assume 
that the a-phase segregates in the two systems have the same crystal- 
lographic relationships to their respective 6-phase parent solid solutions. 


THEORETICAL CONSIDERATIONS OF THE RESULTS 


In both alloy systems studied (copper-tin and silver-zine) it was 
found experimentally, that the a phases, on segregating from their 
respective 8 phases, form as needles along [111] directions of the 6-phase 
parent solid solution, and also in the copper-tin system that {111} 
planes of the a-phase segregate lie parallel to {110} planes of the 6 
parent solid solution phase. By analogy, it is assumed that also in the 
silver-zine system {111} planes of the a-phase segregate lie parallel to 
{110} planes of the 8 parent solid solution phase. 

The fact that in both of these systems, copper-tin and silver-zinc, and 
in the systems investigated by Mehl and Marzke, copper-zine and 
copper-aluminum, the a-phase segregates formed as needles along [111] 
directions, the direction of densest atomic packing in the body-centered- 
cubic system, of the 6-phase matrices, indicates that an analogous 
condition of atomic matching between the two respective participating 
phases must be an essential object of consideration in theorizing on the 
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mechanism of formation of segregate structures in these alloys. Not only 
in these alloy systems but also in all systems thus far reported on, with 
the single exception of the iron-nitrogen system, crystallographic direc- 
tions of densest atomic packing are found in the planes of segregation. 
Fig. 15 illustrates the atomic arrangement of the {110} plane of the 
6-phase matrix and of the {111} plane of the a-phase segregate of the 
copper-tin system superimposed on one another. The atomic matching 
of these planes in the silver-zine system is nearly identical. It can be 
readily seen from this figure that there is a very close atomic matching 
between [111] directions of the 6 phase and [110] directions of the a- 
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Fig. 15.—ATOMIC ARRANGEMENTS ON {110} PLANES OF THE 6-PHASE MATRIX AND 
{111} PLANES OF THE a-PHASE SEGREGATE IN THE SYSTEM COPPER-TIN, SUPERIMPOSED 
ON ONE ANOTHER. 


Circles represent atoms of the 6 phase; dots represent atoms of the @ phase. 


phase segregate in the copper-tin system, which is also true for the silver- 
zine system; in fact, the interatomic distances in these two directions 
differ by only 1.5 per cent in the copper-tin alloy and by only 1.8 per 
cent in the silver-zine alloy. On the other hand, while the atomic 
matching of a {110} plane of the 8 matrix with a {111} plane of the a 
segregate is very unsatisfactory, as can be readily seen, no other planes 
superior in this respect could be discovered. 

With these facts in mind it can be postulated that the a phase on 
segregating from the @ phase orientates itself so that a {111} plane lies 
parallel to a {110} plane of the 6 phase and a [110] direction parallel to a 
[111] direction of the 6 phase. Since the atomic matching between the 
two parallel planes in the two phases is not good, the tendency of the 
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original nucleus to grow into a well developed plate will be weak and 
plate formation in such alloys will seldom occur. However, the atomic 
matching of the two significant (close-packed) directions in these two 
phases may be termed satisfactory and therefore the original segregate 
nucleus will grow rapidly and easily in this [111] direction of the 8 phase, 
thereby forming a well developed needle. 

It is also conceivable that these needles might, depending on the 
conditions of formation, readily line up or coalesce to form plates of 
segregate parallel to some plane in the matrix located in the zone whose 
axis is the primary growth direction [111]. Conditions exerting an 
influence on such a process of coalescence of needles to form plates might 
be concentration, temperature of formation of the segregate, and stresses 
set up by segregation. Mehl and Marzke’ obtained, in a 57.3 per cent 
Cu brass, a segregates which showed only a slight tendency toward 
plate formation, while A. J. Phillips? showed that a higher copper con- 
centration accounted for a decided tendency for the a segregate to form 
plates. Temperature of formation of the segregates undoubtedly has an 
effect on the resulting form of the segregate, as it is well known that 
various heat treatments, while yielding the same basic segregate struc- 
ture, have a great effect on the size and detailed configuration of the 
segregating phase particles. In many of the published photomicrographs 
of segregate structures there appear fairly large local areas containing 
particles of apparently the same orientation with few if any segregated 
particles of another orientation visible. This phenomenon is probably 
due to local stresses created by the initial segregations which have 
controlled the orientation of the segregated particles. 

From the results of this investigation and the investigations of Mehl 
and Marzke it is apparent that the segregate structure resulting from the 
separation of the a phases from the respective 6 phases in the systems 
copper-zinc, copper-aluminum, copper-tin and silver-zince are analogous 
in their mode of formation and general development. 
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DISCUSSION 


(Sam Tour presiding) 


R. F. Meuu, Pittsburgh, Pa. (written discussion).—Dr. Smith has made two 
important additions to this subject: he has shown that the Widmanstitten figures 


7 Reference of footnote 2. 
8 A, J. Phillips: Trans. A.I.M.E. (1931) 93, Inst. of Met. Div., 152. 
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formed by the precipitation of the a phases from the 6 in the copper-tin and silver-zine 
systems are both structurally analogous to those noted by Mr. Marzke and myself for 
the systems copper-zine and copper-aluminum, and he has demonstrated the relation- 
ship in orientation between the «& precipitate and the 8B matrix phase—the first demon- 
stration of this relationship in systems of this type. The method used for the 
determination of the orientation of the « phase—by the use of twin bands—is 
very ingenious. 

It is to be expected that the Widmanstitten figures in these systems should be 
analogous in form, for, as Westgren has shown, the phases participating in the forma- 
tion of these figures are structurally analogous. Indeed, we may probably now safely 
conclude that when the phases participating in the formation of a segregate structure 
are structurally analogous, the segregate structures formed are also structur- 
ally analogous. 

With Dr. Smith’s demonstration that the (110) plane in the 8 phase is parallel and 
in atomic positions in coincidence with the (111) plane in the a phase, some reason for 
the pronounced acicular structure form of the a segregate should be easily found. The 
theory the author advances—that growth into true needles results from a poor match 
in atomic positions upon the two atom planes but an excellent match along the atomic 
directions in these planes—is interesting, but leads immediately to a number of ques- 
tions difficult to answer: 

Why is it that the direction of the a needle in the 6 matrix is not exactly [111] 
though near to it, and why are there at least two needles near each [111] direction, the 
lattices of which are not of the same orientation? These were among the most 
carefully made observations in Mr. Marzke’s work and I think cannot be disregarded. 

Furthermore, this reason for the formation of true needles could also be advanced 
for the precipitation of the a phase from the y in the iron-nickel system (the Widman- 
statten figure'in meteorites), for in this case also the (111) atom plane in the face- 
centered cubic (y) phase is parallel and in coincidence with the (110) plane in the 
body-centered cubic (@) phase with approximately the same difference in atom 
spacing—2 per cent—in the [110] direction and [111] direction in the two phases. 
Yet these alloys form well defined plates, not needles. 

The chief difference in the two cases is in the direction of the precipitation; in 
iron-nickel alloys the body-centered phase precipitates from the face-centered whereas 
in the copper-zine alloys, ete., the face-centered precipitates from the body-centered. 
We may then well ask whether with identical crystallographic relationships precession 
is important, whether reversal in order may not lead segregate structures of different 
external form. Such a reversal has already been noted in the copper-zine system with 
the 6 and y phases, and in this case the types of Widmanstiitten figures are indeed 
different. A photomicrograph published by W. P. Sykes illustrating the formation 
of the face-centered cubic y phase from the body-centered cubic a-5 phase in the iron- 
tungsten system! shows the y phase to take an acicular form surprisingly similar in 
appearance to those shown by Mr. Marzke and the present author. Although we have 
no photomicrograph of the reverse precipitation, we may probably safely assume 
that it leads to the formation of true plates as in the other systems of iron. We may 
well suspect, therefore, that the order of formation is of great importance in deter- 
mining the outward form of the segregate; present theories of Widmanstiitten figures 
do not explain this behavior and may therefore have to be modified. 

The proof of mutual orientation given in Fig. 11 is not complete and therefore 
somewhat open to question. In this figure there is plotted the projections of the 


* Reference of footnote 2, 141, Fig. 18. 


; 10 W. P. Sykes: Composition Limit of the Alpha-gamma Loop in the Iron-tungsten 
System. Trans, A.I.M.E. (1931) 95, Fig. 7. 
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normals to the traces of four (111) (twinning) planes in the a phase; these come into 
coincidence with the projections of four (110) planes in the 8 phase, and this is taken as 
proof of such a mutual orientation. The fact of this coincidence of projections, how- 
ever, is a demonstration that the (111) projections of the a phase were not derived all 
from one @ grain or one orientation of a, for (111) projections cannot be brought into 
coincidence from (110) projections. 

Furthermore, it cannot be certain that the intersections chosen of the normals to 
the traces of the (111) planes are properly selected. Although it seems quite likely 
that Dr. Smith’s solution is the proper one, the crystallographic proof advanced 
cannot be considered complete. Without. doubt Dr. Smith has done the best he 
could under the circumstances. 


The Precipitation of Alpha from Beta Brass* 


By Oscar T. Marzxe, Lanstne, Mica. 
(New York Meeting, February, 1933) 
ABSTRACT 


Four alloys that precipitate the alpha phase from the beta of the 
copper-zine system were heat-treated in various ways to develop as many 
forms of the segregate as possible. It was found that the precipitate 
may have the form either of plates or of needles. Plates usually result 
when precipitation occurs at low temperatures and needles when pre- 
cipitation takes place at high temperatures. The needles tend to align 
themselves along certain planes in the matrix and to coalesce into plate- 
like structures. The two phases were found to be related so that a 
{111} plane and [011] direction of the precipitate are parallel to a {011} 
plane and [111] direction of the matrix. 


DISCUSSION 
(EH. A. Anderson presiding) 


D. W. Situ, Pittsburgh, Pa. (written discussion) —This report by Dr. Marzke 
covers completely all possible heat treatments over a considerable range of composi- 
tions in which alpha precipitates from beta brass, and may be said to complete the 
metallographic part of this problem. 

The lining up of needles of segregate to form plates, especially as shown in Fig. 5, 
appears to be regular, although the author’s frequency plot in Fig. 11 makes it appear 
rather irregular. Has the author attempted any correlation between some of the 
major directions and the orientation of the parent grain as determined by X-ray 
analysis? Also, in Figs. 4, 5 and 6 the cross-sections of the needles appear to be 
straightsided and regular. Have these directions been correlated with the 
matrix lattice? 

Dr. Marzke’s method of interpretation of the orientation relationships between the 
alpha and beta phases is a bit uncertain and seems to need more explanation. If this 
relationship, as stated, is such that a {111} plane and a [110] direction of that plane in 
the precipitate is parallel to a {110} plane and a [111] direction of that plane in the 
matrix, there will be a maximum of 24 possible orientations of the alpha phase within 
a single grain of the beta phase. This relationship is expressed stereographically in 
Fig. 18, in which the locations of all of the alpha {111} poles for the 24 orientations of 
alpha are given. Fig. 12 checks fairly closely with this theoretical plot, with a few 
exceptions which may be due to the inaccuracy inherent in the method used by the 
author in determining the orientations of the segregates. The method might have 


been refined somewhat had corrections been made for the displacement of the slip 
planes upon deformation. 


* This paper is available at the office of the Institute as Contribution No. 29. 
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Precipitation of Alpha from Beta Brass* 


By Oscar T. Marzxn, LAnsine, Micu. 
(New York Meeting, February, 1933) 


Sruprss on the precipitation of a face-centered from a body-centered 
structure—a common occurrence in alloy systems—are essential to the 
development of a theory for the formation of segregate structures. The 
separation of the alpha phase from the beta of the copper-zine system is an 
example of this type of precipitation. 


EARLIER STUDIES ON THE SUBJECT 


R. F. Mehl and O. T. Marzke! in 1931 presented a paper giving the 
results of some investigations carried out by them on the segregate 
structures produced when the alpha and gamma phases of the copper- 
zine system and the alpha phase of the copper-aluminum system precipi- 
tate from the beta phases of these systems. They showed that the 
alpha phase precipitates as needles close to the [111] directions of the 
beta phase. In the discussion of that paper some doubt was expressed 
about the nature of the segregate. More investigations were undertaken 
to determine the character of the precipitate in the copper-zine system 
and also the orientation relationship between the matrix and precipitate. 
The present paper gives the results of these investigations. 

Since the publication of the earlier paper, several other papers on this 
subject have been published in this country and abroad. Haneman and 
Schroder? reported that the alpha phase precipitates as needles along the 
[111] directions of the beta phase and that these needles align themselves 
to form plates on the {111} planes of the matrix. Mathewson and 
Smith? pointed out that the {111} plane does not contain the [11]] 
direction and that it would be quite impossible, therefore, for needles in 
the {111} direction to form plates on the {111} plane. They suggested 


* Presented in partial fulfillment of the requirements for the degree of Doctor of 
Science in Metallurgy, Massachusetts Institute of Technology. 

1R. F. Mehl and O. T. Marzke: Studies Upon the Widmanstitten Structure, II.— 
The Beta Copper-zine Alloys and the Beta Copper-aluminum Alloys. Trans. 
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2H. Haneman and O. Schréder: Uber die Entstehung und Ausbildungsform von 
Segregaten in metallischen Mischkristallen. Zésch. f. Metallkunde (1931) 23, 269. 

3@. H. Mathewson and D. W. Smith: On the Theory of Formation of Segregate 
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that the plane of precipitation might be the {112}, which was suggested 
first by A. J. Phillips‘ in discussion of the original paper. 

Weerts® found that the precipitate in specimens that had been rapidly 
quenched and then reheated for a short time at a low temperature is in 
the form of plates parallel to the {011} planes of the matrix, but that the 
precipitate that separates out at high temperatures is in the form of 
irregularly outlined needles, which are approximately parallel when of 
similar orientation. He also found that the orientation relationship 
between the two phases is regular and independent of the kind of treat- 
ment of the specimen, that a {111} plane of the alpha phase is parallel 
to a {011} of the beta and a [011] direction of the alpha parallel to a [111] 
of the beta, and that the transformation may be brought about by two 
simple shifts combined with small changes in dimensions of the unit cells. 

The work of D. W. Smith® on the precipitation of the alpha phases 
from the beta of the copper-tin and silver-zinec systems should be men- 
tioned because of the structural analogies between these systems and 
the copper-zinc. Smith found that the alpha phases precipitate from the 
beta as needles parallel to the [111] directions of the beta phases and that 
in the copper-tin system a {111} plane of the alpha phase is parallel to a 
{011} plane of the beta. 


PRESENT INVESTIGATIONS 
Preparation and Heat Treatment of Alloys 


Preparation.—Alloys of 62, 60, 58 and 56 per cent copper were made 
from high-purity 60:40 brass, high-purity zine and doubly electrolyzed 
copper, furnished by the Chase Brass, New Jersey Zine, and the United 
States Metals Refining companies. The alloys were melted in a graphite 
crucible fitted with a graphite cover; the heating was done in a small 
gas-firedfurnace. No flux was used because of the purity of the materials. 
The brass was first melted down, the copper then added and, finally, the 
zinc. ‘The melts were stirred with a graphite rod. The casting tempera- 
ture was kept as low as possible and the casting was done in an ironmold 
that was coated with a layer of soot. The size of the mold was 114 by 
14 by 12 in. The bars obtained were cleaned, forged down to 3¢ by 
134 in., annealed 18 hr. at 810° C., water-quenched, analyzed for copper, 
and cut into pieces 14 by 14 by 54¢ in. for the heat-treatment studies. 
The analyses for the bars were 61.6, 60.4, 58.4, and 56.2 per cent copper. 


sbi NG cll Phillips: Discussion of paper by Mehl and Marzke. Reference of footnote 1. 

* J. Weerts: Uber Umwandlungvorgiinge im 6-Messing und in 6-Silber-zinklegier- 
ungen. Ztsch. f. Metallkunde (1932) 11, 265. 

6D. W. Smith: A Study of Segregate Structures in Copper-tin and Silver-zinc 
Alloys. ‘A.I.M.E. Preprint (1932). 
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Heat Treatment—Three general methods of heat treatment were 
followed: (1) controlled rate of quenching; (2) rapid quenching followed 
by reheating; and (3) rapid quenching after furnace cooling various 
amounts below the transformation temperatures. The heating was 
done in an ordinary electric muffle furnace. The specimens were fitted 
with wire holders to facilitate handling and were placed on a nickel screen 
raised about one inch from the bottom of the furnace. 

For studying the effect of the quenching rate on the structure, six 
different quenching mediums were used: tap water, cold air blast, still 
air, furnace, sand, and oil at 200° C. Before quenching, the alloys were 
heated as follows: the 61.6 per cent alloy, 2 hr. at 875° C.; the 60.4 per 
cent alloy, 2 hr. at 825° C.; the 58.4 per cent alloy, 1 hr. at 800° C. and 
1 hr. at 725° C. after furnace cooling from 800° C.; the 56.2 per cent 
alloy, 1 hr. at 800° C. and 1 hr. at 575° C. after furnace cooling from 800° C. 

In studying the effect of rapid quenching followed by reheating, 
specimens that had been water-quenched from the temperatures men- 
tioned above were heated to 500° C. for 31% hr., to 400° C. for 24 hr., 
to 300° C. for 24 hr., to 300° C. for one week, to 200° C. for 24 hr. and to 
200° C. for one week. The specimens were air-cooled from the reheat- 
ing temperatures. 

For the last of the heat-treatment studies, specimens of the 61.6 per 
cent alloy were heated to 870° C. for 2 hr. and water-quenched after 
furnace cooling to temperatures of 800°, 775°, 750°, 725°, 700°, 650°, 600° 
and 550° C.; specimens of the 60.4 per cent alloy were heated at 825° C. 
for 2 hr. and water-quenched after furnace cooling to temperatures of 
750°, 725°, 700°, 675°, 650°, 600°, 550° and 500° C.; specimens of the 
58.4 per cent alloy were heated to 725° C. for 4 hr. and water-quenched 
after furnace cooling to temperatures of 675°, 650°, 625°, 580°, 550°, 500° 
and 450° C.; and specimens of the 56.2 per cent alloy were heated 575° C. 
for 4 hr. and water-quenched after furnace cooling to temperatures of 
5007475 , 450° 425°,.400°, 375°,,350° and 300° C. 


Character of Precipitate 


All of the specimens were polished, etched and examined under the 
microscope. A mixture of ammonium hydroxide and hydrogen peroxide 
was used as the etching reagent. 

The specimens from the first and last schemes of heat treatment 
showed that the alpha phase precipitates as needles. Figs. 1 to 4 exhibit 
structures found in the four different alloys studied. ‘Two general cross- 
sections of the segregate are noticed. They are rods and small polygons 
and may be interpreted as the longitudinal and transverse cross-sections 
of needles. 

Some of the specimens were examined on both sides of an edge formed 
by two polished faces at approximately 90° to each other, The long 
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Fie. 7.—58.4 PER CENT COPPER. 


Fig. 8.—60.4 PER CENT COPPER. 


WATER-QUENCHED FROM 725° C. AND 
To 200° C. ror 24 HOURS. 


WATER-QUENCHED FROM 825° C. AND 


To 300° C. ror 24 HOURS. 


Fig. 9.—61.6 PER CENT COPPER. 


Fie. 10.—60.4 PER CENT COPPER. 


FURNACE-COOLED FROM 875° To 550° C. 
WATER-QUENCHED. 


FURNACE-COOLED FROM 825° To 600° C. 


WATER-QUENCHED. 
All X 75. 


REHEATED 


REHEATED 


AND THEN 


AND THEN 


Fic. 1.—61.6 PER CENT COPPER. 


Fic. 2.—60.4 PER CENT COPPER. 


Fic. 3.—58.4 PER CENT COPPER. 


Fic. 4.—56.2 PER CENT COPPER. 
Fig. 5.—56.2 PER CENT COPPER. 


Fig. 6.—56.2 PER CENT COPPER. 


FURNACE-COOLED FROM 875° To 800° C. 
WATER-QUENCHED. 

FURNACE-COOLED FROM 825° To 725° C. 
WATER-QUENCHED. 

FURNACE-COOLED FROM 725° To 650° C. 
WATER-QUENCHED. 

FURNACE-COOLED FROM 575° C. 
FURNACE-COOLED FROM 575° To 475° C. 
WATER-QUENCHED. 
FURNACE-COOLED FROM 575° To 425° C. 
WATER-QUENCHED. 
Alle (oe 
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directions of the precipitate on one face generally appeared as dots on the 
other, which confirmed the needlelike character of the precipitate. 

It will be noticed that the small polygons in Figs. 1 to 3 tend to line 
up along some preferred direction in the matrix. Fig. 5 shows the 
tendency much better. In this figure the polygons have well defined 
sides and are aligned so that corresponding sides are parallel and so that 
one side is parallel to the direction of alignment. This alignment of 
polygons along certain directions indicates that the needles tend to line 
up along certain planes in the matrix and may coalesce into plate- 
like structures. 

To obtain some idea of the plane along which the needles line up, 
frequency curves of the directions of the precipitate in several grains were 
plotted. Grains that showed a marked tendency to give platelike 
structures were selected for study. Most of the specimens were of the 
58.4 per cent alloy because this alloy seemed to give sharper directions 
than the alloys higher in copper and not such degenerate instances as the 
alloys lower in copper. Frequency curves of the directions found in 
five grains are given in Fig. 11. Although certain maxima are indicated, 
the results are disappointing because of the many scattered directions. 
Measurements were made of all directions of appreciable size. Some- 
times these directions appeared to be the resultant of two or more 
different directions and in such cases the individual directions were 
measured rather than the resultant. 

These results indicate nothing very definite about the plane of 
precipitation, unless the rather large number of directions may be taken 
as proof of a rather irregular grouping of needles into plates. Certain 
planes, however, do seem to be preferred. In any case, they must be 
planes containing the direction of the needle. 

Dr. Mehl, in a letter to the author, has suggested that the alignment of 
needles along certain planes may be caused by strains, introduced in the 
lattice on the precipitation of the first needle, which wedge apart certain 
planes in the matrix and lead to a high tendency for nuclei formation. 
The fact that the needles seem to line up on only one plane instead of all 
of the planes of the same family indicates that there is a greater strain in 
one direction than in others. This may be due to the manner of matching 
of atoms between the two phases, which may cause a maximum wedge 
effect in one direction. 

The alignment of needles along certain planes is not general, for many 
examples were found of needles that were not regularly aligned (Figs. 
4 and 6). This irregularity may be due to strains present in the lattice 
before precipitation occurs, which lead to the formation of many nuclei 
before one can grow to a needle of sufficient size to strain the lattice 


preferentially, or to interacting wedge effects from needles not on the 
same plane. 
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The specimens that had been rapidly quenched and then reheated at 
low temperatures showed that the precipitate may appear as plates 
(Figs. 7 and 8). A rough examination of Fig. 7 shows six directions of the 
segregate within a single beta grain, which indicates that the plane of 


precipitation is the {011}. 
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Fig. 12.—PoLms OF SEVERAL PRECIPITATE (ALPHA) ORIENTATIONS PLOTTED ON A 
STANDARD PROJECTION OF THE MATRIX (BBTA). 


Some of the specimens exhibited structures of particular interest. 
ne. 9 shows two precipitate needles of the same orientation making about 
65° with each other. This suggests that the long directions in the alpha 
phase are crystallographic directions making approximately 65° with 
each other. Fig. 10 shows precipitate of the same orientation in two 
adjacent grains growing from the same grain boundary. This offers 
some proof that grain boundaries are not voids or layers of eaeroneue 
material but regions where two lattices intersect and share atoms. 
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Relationship in Orientation of the Two. Phases 


The orientation of the matrix was determined by the Wilson-Davey 
method.’ The orientation of the precipitate was found by tracing 
slip lines around an edge. X-ray methods were avoided because it was 
felt that the varied orientation of the precipitate would give patterns of 
great complexity. The most satisfactory slip bands were obtained by 
compressing a specimen of the 60.4 per cent alloy, polished on two faces, 
in a Brinell machine under a load of 1000 kg. Twelve precipitate orienta- 
tions were obtained, representing orientations found in nine different beta 
grains. ‘These orientations were plotted with the beta orientations so 
that the {001}, {011} and {111} planes of the precipitate were in the 
positions they would occupy when the matrix was in the standard posi- 
tion. Stereographic projections were used to express the orientations. 
The most satisfactory interpretation of these plottings gave a {111} 
plane and [011] direction of the precipitate parallel to a {011} plane and 
[111] direction of the matrix. This relationship is shown in Fig. 12. 
The poor agreement in some of the cases may be explained by the rather 
large experimental error inherent in the method used. 


Discussion OF RESULTS 


If the crystal structures of the matrix and precipitate are compared,*® 
the best agreement between crystallographic features is found to be 
between the [111] direction of the matrix and the [011] of the precipitate. 
The closest agreement between planes is between the {111} of the precipi- 
tate and the {011} of the matrix. Since experimental evidence shows 
that a [111] direction and a {011} plane of the matrix are parallel to a 
[011] direction and {111} plane of the precipitate, it seems that the 
orientation relationship between the phases is determined by a close 
cooperation of the two structures. Such a cooperation has been found, 
generally, in the other alloy systems studied. 

No such explanation can be found for the external appearance of the 
precipitate. The present study has shown that either plates or needles 
may result on the precipitation of a face-centered from a body-centered 
structure, depending on the conditions of precipitation. The needles 
are formed when the precipitate comes out at a high temperature and the 
plates when precipitation occurs at a low temperature. At the high 
temperature the matrix is supposed to have a random arrangement of 
the atoms and at the low temperature the CsCl structure. It does not 
seem that this difference in atomic arrangement is responsible for the 
difference in the character of the precipitate, because plates are found on 


77. A. Wilson: A Study of Crystal Structure and Its Application, XII. Gen. 


Elec. Rev. (1928) 31, 612. re . 
8 R. F. Mehl and O. T. Marzke: Reference of footnote 1, Tables 3 and 4. 
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precipitation from a phase having a random distribution of atoms— 
meteorites, for example. It does seem, however, that the growth laws of 
the precipitate are important. At low temperatures the rate of nuclei 
formation is high, while at high temperatures the growth velocity is 
ereat, as shown by the very fine structures obtained at the low tempera- 
tures and the coarse structures at the high temperatures. Since the 
precipitate must grow in a restraining medium, the needles that are 
formed at the high temperatures may grow because the matrix may 
permit a more rapid growth in one direction. 


SUMMARY 


1. Alloys of 61.6, 60.4, 58.4 and 56.2 per cent copper were heat- 
treated in various ways and then examined to find out the effect of these 
treatments on the character of the precipitate. 

2. Two types of precipitate were observed—needles when precipita- 
tion takes place at high temperatures, and plates when precipitation 
occurs at low temperatures. 

3. The two phases were found to be related so that a {111} plane and 
[011] direction of the precipitate are parallel to a {011} plane and [111] 
direction of the matrix. 
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Fig. 9 shows two segregate needles of the same orientation making an angle of 
approximately 65° with each other. If the orientation relationship as stated in the 
above paragraph is to be accepted, we must postulate a secondary growth direction, 
because it can be shown that segregates growing along two different beta [111] direc- 
tions cannot have identical orientations. 


° 
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C. H. Maruewson, New Haven, Conn. (written discussion).—Kurdjumow and 
Sachs have proposed as a mechanism for the formation of martensite from austenite a 
specific shear on a {110} plane and then another on a {112} plane (normal to the first 
plane), movements which are competent to transform the face-centered cubic lattice 
of austenite into the body-centered tetragonal lattice of martensite (or the body- 
centered cubic lattice of alpha iron), when followed by a certain slight adjustment of 
the atoms to the desired end position. 

This change substitutes a {110} plane and [111] direction of martensite or alpha 
iron for a {111} plane and [110] direction of austenite, which constitutes the relation- 
ship of orientation actually found by a complete X-ray structure analysis of the phases. 

Obviously, this mechanism may be considered to operate in the reverse direction 
to account for the occurrence of a {111} plane and [110] direction in alpha brass 
occupying the positions of a {110} plane and [111] direction in the parent solid solution, 
beta, as found by Marzke in this investigation and reported by Weerts in the earlier 
paper quoted by Marzke. 

This analogy would indicate the possible occurrence of an intermediate (meta- 
stable) phase like the martensite of the iron-carbon system or the beta prime of the 
copper-aluminum system, although conditions in this respect would depend much 
upon the lattice dimensions concerned. 

The structures of some of the quenched specimens are rather similar to certain 
ones observed by Smith and Lindlief in their exhaustive microstructural study! of the 
beta transformation in the copper-aluminum alloy containing 11.87 per cent Al; e. g., 
Fig. 7 (Marzke) to Fig. 32 (8. and L.) and Fig. 8 (Marzke) to Fig. 28 (S. and L.). 


1 See page 69, this volume. 
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The double shear mechanism proposed might reveal the locations of both shear 
planes in the outward form of the segregated alpha, at least in the early stages of 
its existence. It is apparent from Marzke’s work that there is considerable variation 
in the form of the precipitate. The plates, formed at low temperatures, lie parallel 
to the {110} plane as this hypothetical mechanism requires, and it is, of course, not 
impossible that the needles are narrow plates parallel to this plane with another 
boundary surface parallel to the hypothetical second shear plane, {112}. 


M. J. Busrcrr, Cambridge, Mass.—The number of directions is going to depend 
on the crystal system of beta brass, and beta brass, as Dr. Marzke would agree after 
examining some in reflected polarized light, is not cubic, which is unfortunate, so 
that will cut down the total number of directions and planes that are identical. It 
is anisotropic; therefore it is at least tetragonal. 


A. Sr. Joun, New York, N. Y.—Is it necessary to postulate shears of this sort? 
In some theoretical investigations on transformations between alpha and gamma iron 
that paralleled a similar theoretical investigation by Bain on martensite and austenite,” 
it was shown that the transformation from one to the other can take place as a simple 
translation; that is, a compression along two axes and an expansion along the third, 
or vice versa. ° 

It might seem that this is just what has been referred to; namely, two shears at 
right angles to each other. But from the point of view of an inhabitant of one of the 
atoms, it isnot. This, by the way, is an excellent point of view to assume if you want 
to find out what is going on within a crystal. Imagine yourself, for instance, sitting 
down on a zinc atom in a beta brass crystal, and see how the neighboring copper and 
zine atoms look. Then think of some agitations taking place, or some transformation, 
and see how they behave. The analysis becomes surprisingly simple because there 
are comparatively few places where neighbors can come to rest and be at ease. Other- 
wise they are very much agitated. In fact, our heat theory says they are more or less 
agitated all the time. 

A shear involves the slipping of an entire plane of atoms past a neighboring plane 
to a new position of equilibrium. The transformation by compression and expansion 
involves a shifting of equilibrium positions and an accompanying displacement of 
all the atoms. The compression and expansion idea works out well when we think of 
beta brass in the tetragonal system, for this is the system in which alpha and gamma 
iron are special cases. Body-centered cubic and face-centered cubic arrangements 
both appear as special cases in the face-centered tetragonal system, and also in the 
body-centered tetragonal. 

Applying this line of reasoning to the problem of beta brass might lead to elucida- 
tion, although I can see complexities introduced by the fact that we have intermixed 
lattices of zine and copper. 


R. F. Ment, Pittsburgh, Pa.—The matching of lattice planes and directions 
in the transformation y — @ in the iron-carbon system, or in pure iron (in which a 
body-centered cubic lattice forms from a face-centered cubic lattice), may be described 
erystallographically as follows: 


(111) 7||O11)a 
[110], [11 1]a 


Since there are three [110]y directions in each (111) plane and two [111]ae directions 


> K. Heindlhofer and E. C. Bain: Study of the Grain Structure of Martensite. 
Trans. Amer. Soc. Steel Treat. (1930) 18, 673. 


‘EK. C. Bain: Nature of Martensite. Trans. A. I. M. E. (1924) 70, 25. 
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in each (011)a plane, a total of six orientations of a can, and does, form on each (111) 
plane; and since there are four (111) planes, a grand total of 24 alpha orientations 
results from the decomposition of each gamma crystal. A stereographic plotting of 
the orientations resulting from the prescription given proves this. 

For the reverse case, in which a face-centered cubic lattice forms from a body- 
centered cubic lattice, which is studied by Dr. Marzke, the crystallographic specifica- 
tion is the same as that written above, but with reversed directions: 


(110)p||(111)@ 
[111]s||(110]a 


But following a course of reasoning similar to that above leads to an erroneous con- 
clusion. This reasoning would demand six orientations upon each (110) plane, and 
since there are six (110)¢ planes, a total of 36 orientations. It may be shown, how- 
ever, by plotting these orientations stereographically, that only 24 different orienta- 
tions can result; and an inspection of the six orientations superimposed on a single 
(110) plane shows that some are identical (which is not true for the reversed case) 
and that only four are unique on each (110)@ plane. This is surprising but undoubt- 
edly true. In problems of this sort the stereographic projection is very necessary in 
avoiding confusion and error. 


O. T. Marzxe (written discussion).—The importance of using stereographic pro- 
jections to plot results when working with problems of an involved crystallographic 
nature is well pointed out by Dr. Mehl. 

Attempts were made to correlate the direction of alignment of segregate needles 
to form plates and the bounding planes of the regularly outlined needles, such as shown 
in Fig. 5, with the orientation of the matrix, as asked by Dr. Smith, but these attempts 
were not successful because the grains showing the regularities were generally so small 
that their orientations could not be determined by the X-ray means used. The 
method of deducing the plane of precipitation by counting the number of traces in a 
single matrix grain was not applicable because the cases were generally so degenerate 
that only one or two directions of alignment were present. 

The author agrees with Dr. Smith that the orientation relationship postulated 
permits a maximum of 24 orientations of the alpha phase within a single grain of the 
beta phase. In order to determine this relationship, however, it is not necessary to 
obtain poles for all 24 orientations. In the method used the orientation of an individ- 
ual alpha particle was completely determined and then plotted with that of the beta 
to obtain the relationship. The majority of the alpha orientations checked very 
closely the theoretical positions for the relationship mentioned, closer than for any 
other relationship investigated. Some of the orientations deviated to a considerable 
extent, but it was felt that the deviations resulted from the method of determining the 
orientations of the alpha phase. Dr. Smith’s suggestion of refining the method by 
correcting for the deformation is a good one, but it would be quite difficult to deter- 
mine the corrections necessary. 

If the orientation relationship mentioned is correct and if the two segregate 
needles in Fig. 9 that make approximately 65° with each other have the same orienta- 
tion, a secondary growth direction must be postulated, as suggested by Dr. Smith. 
The fact that when two alpha needles of different orientation, making about 70° with 
each other, are in the plane of polish, suggesting that they are [111] directions and 
that a {011} plane of the matrix is in the plane of polish, very often a second pair is 
found which makes an angle of about 10° with the first, and the fact that this second 
pair of needles etches in such a way that the needles 60° apart etch alike suggests 
that the alpha phase may grow in a sort of dendritic manner with one arm parallel 
to a [111] direction of the matrix and another arm growing out from the first, so that 
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the long directions in the precipitate would be the [011]. This would mean that alpha 
that has precipitated can influence the growth of alpha that is being precipitated, 
with the result that the direction of some of the precipitate needles may bear no 
specific relation with any definite crystallographic direction of the matrix. 

If the beta phase transforms into the alpha phase by the reverse mechanism of 
the transformation of austenite into martensite proposed by Kurdjumow and Sachs, 
the occurrence of an intermediate phase like martensite would be expected, as sug- 
gested by Dr. Mathewson. Several X-ray films were made of specimens subjected 
to heat treatments that, it was thought, would yield this intermediate phase, but all 
of the results indicated the absence of any such phase. The matrix, however, did 
appear anisotropic in reflected polarized light, as Dr. Buerger says, indicating that 
the phase is not isometric. Perhaps more careful X-ray studies will reveal the 
presence of an intermediate phase. 

A little support is offered Dr. Mathewson’s suggestion that the needles are narrow 
plates parallel to the {110} lane with another boundary surface parallel to the {112} 
plane by the fact that the angle between the sides of the needles aligning to form 
plates, as shown in Fig. 5, is about 20°, which is approximately that between the 
(110) and (112) planes. 

The mechanism of the transformation proposed by Dr. St. John, if the author 
understands it correctly, will allow at the most three orientations of the alpha phase. 
Most of the structures examined indicated more than three orientations, and the 
X-ray work of Weerts showed that there are 24 alpha orientations in a single 
beta grain. Furthermore, the mechanism proposed by Dr. St. John requires that an 
[001] direction of the alpha phase be coincident with an [001] of the beta. In the cases 
studied by the author there was usually an appreciable angle between these directions; 
and such an angle is found also in the work of Weerts. 
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A Micrographic Study of the Decomposition of the g Phase 
in the Copper-aluminum System* 


By Cyriu Stantey Smira* anp W. Earu Linpuier,* Watersury, Conn. 


(New York Meeting, February, 1933) 


SEVERAL investigators, mainly concerned with the mechanical proper- 
ties of the alloys, have studied the so-called aluminum bronzes after 
various quenching and reheating treatments. Of these works, perhaps 
the most complete is that of Bouldoires,! who studied changes of length, 
electrical conductivity, thermoelectric force, hardness and _ micro- 
structure on tempering quenched alloys containing 5 to 20 per cent 
of aluminum, although the work of Carpenter and Edwards,? Curry,’ 
Greenwood,‘ Braesco,’ Matsuda,®” Grard® and others has added much to 
our knowledge of the changes occurring during tempering. The so-called 
acicular 8 decomposes on tempering at temperatures between 350° C. and 
the eutectoid, giving rise to a Widmanstatten structure of a needles in a 
matrix of 6 or fine a + 6, associated with an increase in hardness and 
almost complete loss of ductility. 

Matsuda studied the eutectoid transformation by means of dilatation 
and electrical conductivity measurements during cooling at different 
rates. He found that on cooling at the rate of 10° C. per minute there was 
a decrease in electrical resistance and in length instead of the usual 
increase which occurred with slow rates of cooling. On tempering the 
rapidly cooled samples, the increase commenced at about 400° C. and at 
520° C. the resistance and length had reached the equilibrium values. 
These peculiarities he accounted for as being due to a transitional phase 6’ 
being formed, 6’ having an electrical resistance and volume less than 
either 8 or a + 6. 

Obinata® published some electrical conductivity curves for copper- 
aluminum alloys showing a double break at the eutectoid temperature, 


* Copper Alloys Research Laboratory, The American Brass Co. 

1 J. Bouldoires: Rev. de. Mét. (1927) 24, 357 and 463. 

2H. C. H. Carpenter and C. A. Edwards: Proc. Inst. Mech. Engrs. (1907) 57. 

3B. E. Curry: Jnl. Phys. Chem. (1907) 11, 428. 

4 J. M. Greenwood: Jnl. Inst. Metals (1918) 19, 55. 

5 P. Braesco: Ann. Phys. [9] (1920) 14, 5. 

6M. Matsuda: Sci. Repts. Tohoku Imp. Univ. (1922) 11, 234. 

7M. Matsuda: Jnl. Inst. Metals (1928) 39, 67. 

8 C. Grard: Aluminum and Its Alloys, Pt. V. New York, 1922. D. Van Nostrand 

Co. 

9T, Obinata: Mem. Ryojun Coll. Eng. (1928-30) 2, 205; (1929-31) 3, 87, 285, 295. 
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which he interpreted as showing the eutectoid change to take place even 
under equilibrium conditions in two stages, B = ‘=a + 6, and found 
that after cooling at critical rates the second phase, showing no acicular 
markings on etching, could be obtained almost pure. Water quenching 
was too fast to permit this change to take place completely, and the 
customary acicular structure was supposed to be a 6 B’ ao 
plex. He determined the crysta 
= ftw || structure of the 6’ phase obtained 
al al by quenching, and found it to be 
hexagonal, compared with the 
body-centered cubic form for 6 at 
high temperatures. The critically 
cooled 8’ phase was found to be 
much harder than any other con- 
dition of the eutectoid alloy. 
Obinata’s work will be discussed 
later in connection with the findings 
of the present authors, who dis- 
covered microscopically a transi- 
tional 6’ phase probably identical 
with that of Obinata, although it is 
not an equilibrium constituent and 
is not harder than acicular 8. 

The present work is a discussion 
of the mechanism of transformation 
at various temperatures below the 
eutectoid point, the transformation 

- . r temperature being approached 

ALUMINUM ~ PER CENT. directly from the 6 field without 

 DIAGHAM,  (Stackdaler Shphly modified) > ne 

elimination of the prior quenching 

the method is quite different from the early tempering experiments and per- 

mits the mechanism of transformation on cooling to be better understood. 

The method of attack was suggested by the work of Davenport and Bain™ 
on the transformation of austenite at constant subcritical temperatures. 
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REDETERMINATION OF HuTECTOID TEMPERATURE 


. Fig. il shows the copper-rich portion of the copper-aluminum equi- 
librium diagram, slightly modified from that of Stockdale.1"2 The 
diagrams proposed by other investigators agree in showing a eutectoid 


se 10 fit Davenport and E. C. Bain: Trans. A.I.M.E. (1930) 90, Iron and Steel 
iv., ; 


1D. Stockdale: Jnl. Inst. Metals (1922) 28, 273. 
* D. Stockdale: Jnl. Inst. Metals (1924) 31, 275 
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at about 11.9 per cent aluminum, but the various determinations of the 
eutectoid temperature differ widely. Table 1 lists several of the values 
published and the methods used in obtaining them. The temperatures 
obtained by the different observers on heating agree much better than do 
the cooling-curve points, and the discrepancy is probably due to varia- 
tions of cooling rate. 


Tas_E 1.—EKutectoid Temperature of the Copper-aluminum System 


Eutectoid 

Year Investigators Mel crenee Method Santee 
Deg. C. 
1907 | Carpenter and Edwards 2 Thermal analysis 530, 520 
1907 | Curry 3 Thermal analysis 566 
1915 | Andrew 13 Thermal analysis 515 
1915 | Carpenter 14 Critical review 545 
1920 | Braesco 5 Dilatation 550-560 
1922 | Stockdale 11, 12 | Annealing 537 
1922 | Ishihara 15 Hardness 565 
1922 | Matsuda 6, 7 | Micro, dilatation, elec. cond., | 560-570 
etc. 

1927 | Bouldoires 1 Dilatation, elec. cond., etc. 560 
1929 | Obinata 9 Electrical conductivity 590, 600 


To decide between the many temperatures proposed, the authors 
carried out some further experiments using both microscopic and elec- 
trical resistance methods. A series of annealing and quenching experi- 
ments were carried out, using a single alloy (alloy 577) of the following 
analysis: copper, 88.04 per cent; aluminum, 11.87 (by diff., 11.83 by 
det.); iron, 0.06; silicon, 0.02; tin, 0.01; lead, 0.00; manganese, 0.00. 
The spectrograph showed the presence of no elements other than those 
in this analysis. 

Two samples were used for the anneal at each temperature: one con- 
sisting entirely of eutectoid, having been previously very slowly cooled 
from 900° C. to room temperature; and the other consisting of homogene- 
ous 8, having been annealed for 1 hr. at 900° C. and then put directly in 
the salt bath at the desired temperature without intermediate cooling 
below. In this manner the transformation point was approached from 
both sides and the effect of undercooling or superheating eliminated. 

The two samples (eutectoid and homogeneous £) were placed in a 
salt bath maintained within +1° C. of the desired temperature and 
quenched in water after a given period of time. The annealings at 568° 
and 572° C. were done in a furnace with more accurate control. Micro- 


13 J, H. Andrew: Jnl. Inst. Metals (1915) 13, 249. 
14H, C. H. Carpenter: Jnl. Inst. Metals (1915) 13, 261. 
15 T. Ishihara: Sct. Repts. Tohoku Imp. Univ. (1922) 11, 207. 
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scopic examination of the samples quenched after the desired time readily 
showed if the temperature had been above or below that at which the 
transformation occurs. Table 2 gives the various anneals and corre- 
sponding structures. 


Taste 2.—Microstructure of Samples Annealed in Neighborhood of 
Eutectoid Temperature 


ee 


Microstructure 
rc, Time, Hr. 
Eutectoid Sample Homogeneous Sample 
566 9 Unchanged, a + 6 Eutectoid, a + 6 
568 + 0.5 63 Unchanged, a + 6 Eutectoid, a + 6 
570 12 Unchanged, a + 6 B + traces 6 
Oi2e, OD 68 B + traces 6 6B + traces 6 
573 a3: B + traces 6 8B + traces 6 


Evidently the eutectoid transformation occurs at 570 + 1° C., for 
both 8 and eutectoid were unchanged by a 12-hr. anneal at this tempera- 


Figs. 2 anp 3.—ALLoy 5 


77, CONTAINING 11.87 PER CENT ALUMINUM. ETCHED WITH 
NH,OH + H:02. X 200. 


Fig. 2 annealed 68 hr. at 572° C. and quenched. Originall 5 
Fig. 3 annealed 68 hr. at 568° C. and quenched. Gueinaly B. se 


ture, while 572° C. was definitely in the 8 field and 568° C. definitely below 
the transformation point when approached from either side. Fig. 2 
shows the structure of the eutectoid sample annealed at 572° C.: 
Fig. 3, that of the sample that originally was 8, after annealing at 568° C. 
The composition of the eutectoid apparently is slightly less than 11.87 


per cent aluminum, since both samples annealed at 572° C. contained a 
small quantity of proeutectoid 6. 


CYRIL STANLEY SMITH AND W. EARL LINDLIEF 13 


The transformation temperature was also determined by electrical 
conductivity measurements. For these a sample approximately 8 by 
4 by 4 in. was used, bent into a compact grid and insulated with sheet 
mica. ‘To obtain the sample in the eutectoid condition prior to taking the 
heating curve, it was annealed 4 hr. at 800° C., furnace-cooled to 535° C. 
and held at this temperature for 12 hr., then furnace-cooled to room tem- 
perature. The heating curve over the range 50° to 700° GC. was taken in 
a period of 33 hr., the heating rate through the range 560° to 575° C. being 
about 3° C. an hour. The cooling rate employed was much slower, the 
time required to take the curve over the range 700° C. to room tempera- 
ture being seven days. Two days were allowed in the range 573° to 


26 100 200 300 400 500 600 700 


22 


Resistance, Ohms x 10% 


e-Heat ing- 
0-Ceoling- 


540 560 580 600 
Temperature , Degrees Centigrade, 


Fic. 4.—ELECTRICAL RESISTANCE TEMPERATURE CURVES OF AN ALUMINUM-COPPER 
ALLOY CONTAINING 11.87 PER CENT ALUMINUM. 


Resistance ordinate displaced to separate heating and cooling curves. 


564°C. The results of both heating and cooling curves are shown in Fig. 
4, the resistance ordinate being displaced to separate the two curves. 
The anomaly in the a solid solution discovered by Chevenard'® shows as a 
change in slope at 275° C. on heating and 350° C. on cooling. The sharp 
drop due to the formation of 8 occurs between 569° and 573° C. on heating, 
while on cooling the transformation is very sluggish, commencing 
between 571° and 567° C., but is not more than 60 per cent complete at 
565° C. in spite of the very long time allowed between readings at 
these temperatures. 

Comparing the microscopic and electrical conductivity measurements, 
it can be said that the eutectoid temperature is 570° + 1° C. 


16 P, Chevenard: Jnl. Inst. Metals (1926) 2, 39; Compt. rend. (1925) 180, 1927. 
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Obinata!”’ gave a resistance curve different from that of the authors 
in that it showed two breaks instead of one. The first occurred at 590° C. 
and was followed by an extremely rapid rise up to 600° C. where the 
second drop occurred, followed by a normal slope due to the temperature 
coefficient of the 8 phase. He interpreted the interval between the two 
breaks as due to a 6’ phase of extremely high temperature coefficient, 
and by quenching at a critical rate, he was able to obtain a substantially 
homogeneous phase which he 
determined to be hexagonal in 
structure. The double break in 
the resistance curve appeared even 
on rapid heating, but rapid cool-_ 
ing caused a drop rather than rise 
in resistance and even on cooling 
at normal rates (8° to 4° C. per 
minute) the double break did not 
appear, but only a single increase 
in resistance at about 550° to 
540° C. 


DECOMPOSITION OF 6 PHASE AT 
TEMPERATURES BELOW 


Fie. 5.—ALLoy 577, CONTAINING 11.87 
PER CENT ALUMINUM. QuENCHED FROM 900° Eurecrorp Point 


C. Ercuep with NH,OH + H2O02. X 250. An extenaive study was Theta 


of the decomposition of the 6 phase at various temperatures below the 
eutectoid point, both by cooling directly, without intermediate cooling to 
room temperature, and by quenching and reheating to the desired tempera- 
ture. The alloy used for all these experiments was cast in an ingot 
measuring 14 by 34 by 1 in. and was hot-rolled to sheet 0.125 in. thick. 
It had the composition given on page 71. The study of transformation 
was done mainly by microscopic methods, the procedure being as follows: 
A suitable number of small samples of the 1<-in. sheet were annealed for 1 
hr. at 900° C., then quenched directly into a salt bath maintained at the 
desired temperature. After various periods of time single samples were 
removed from the salt bath, quenched in ice water and examined 
microscopically to determine the progress of the transformation. 

A sample quenched in water from 900° C. has the characteristic 
structure, shown in Fig. 5, which is usually called “acicular’” 8, and 
probably represents an early stage in the decomposition of the 8 phase. 
As Mehl" shows, it is improbable that there really exist needles, and many 
structures called acicular are merely plate-form. £ cannot be retained 


17T, Obinata: Reference of footnote 9. 
8 R. F, Mehl and O. T. Marzke: Trans. A.I.M.E. (1931) 93, Inst. Met. Div., 128. 
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unchanged even by the most drastic quench, although Obinata was able to 
obtain a partially homogeneous alloy by quenching in toluene at — 10° CG: 
The structures observed after various periods of time at the different 
temperatures are listed in Table 3. The results are also plotted in Fig. 6, 
which shows graphically the time of decomposition and the microcon- 
stituents formed. In Fig. 7 the relative area of eutectoid formed after 
various times at several temperatures is shown. The mechanism of trans- 
formation at the various temperatures will be considered individually. 


Eutectoid , Per Cent. 


00 


Eutectoid, Per Cent. 


5 


Log Time, Seconds. 


Fic. 7.—PROGRESS OF BUTECTOID TRANSFORMATION AT VARIOUS TEMPERATURES. 


Transformations at Various Temperatures 


Transformation at 565° C.—Samples quenched after short periods of 
time at 565° C. (only 5° C. below the eutectoid temperature) had acicular 
structures identical with those of samples directly quenched from a high 
temperature (cf. Fig. 5). There was no change in structure until the first 
appearance of eutectoid occurred at 3840 sec. Fig. 8 shows the growth 
of the eutectoid after 7680 sec. There was very little, if any, relation of 


ae ee ae, 

wre ALO AEG CONTAINING 11.87 PER CENT ALUMINUM. QUENCHED 
. IN SAL TH AT TEMPERATURE, HELD FOR TIME STAT 

IN ICE WATER. Ercuep wira NH,OH + ike pn se 


Fig. 8.—Held at 565° C. 7680 see 

Fig. 9.—Held at 565°C. 13 hr. 200. 
Fig. 10.—Held at 560° C. 3840 sec. X 250. 
Fig. 11.—Held at 560° C. 4hr. X 200. 
Fig. 12.—Held at 555° C. 1920 sec. XX 250. 
Fig. 13.—Held at 555° C. 3935 sec. > 200. 
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orientation between the eutectoid and the parent crystals. The eutectoid 
erew preferentially in the direction of the length of the plates, tending to 
give radial patches of eutectoid. Slip bands in the a constituent in the 
eutectoid showed it to have the same orientation throughout a large part 
of a single eutectoid colony. It is probable that 6 was also of one orienta- 
tion only and that the two are related to each other and to the parent 
8 lattice even though the characteristic pseudoidiomorphic Widman- 
stiitten shapeisnot adopted. The entire sample had changed to eutectoid 
after 46,800 sec. (15 hr.), as Fig. 9 shows. 

Transformation at 560° to 545° C.—The eutectoid formed in progres- 
sively shorter time at lower temperatures and the spacing of the eutectoid 
plates became finer, otherwise the mechanism was the same as at 
565° C. This is shown by Figs. 10 to 15, which are photomicrographs of 
specimens partially and completely transformed at 560°, 555° and 
545° C. respectively. 

Transformation at 535° C.—At this temperature a remarkable new 
phase made its appearance in the 8 before the formation of eutectoid 
commenced. It occurred even in the first specimen, quenched after 41 
sec., and was in the form of small scattered rosette-shaped particles which 
occurred at random throughout the grains and especially at the boundaries. 
Fig. 16 shows their appearance at a magnification of 500 in the first 
specimen; Fig. 17, their growth after 67 sec. at 535° C. As time increased 
this new phase continued to grow and the martensitic needlelike markings 
produced by quenching could sometimes be seen to traverse both the 
original 6 phase and new phase indiscriminately (Fig. 18). At high 
magnification many of the particles of the new phase could be seen to have 
kernels which appeared as black spots, but it is probable that these were 
alumina or other inclusions existing in the original metal, merely serving 
as nuclei for precipitation. In the specimen quenched after 137 sec. 
at 535° C., distinct a crystals could be seen growing in the middle of many 
of the nodules of the new phase, and one small area of eutectoid was found 
in the specimen. With longer time, the eutectoid areas increased, grow- 
ing indiscriminately through the new phase and the unchanged 6 (Fig. 
19). The area occupied by 8 was progressively absorbed by both the 
new phase and the eutectoid, but the latter, once formed, grew more 


rapidly, and the entire specimen was transformed to it after 480 see. 
(Fig. 20). 


Bene ee 577, CONTAINING 11.87 PBR CENT ALUMINUM. QUENCHED 
M 9 }. IN SALT BATH AT TEMPERATUE ; 
IN ICE WATER. Ercouep wita NH,OH + Hose 2d i ee al 
Fig. 14.—Held at 545°C. 481 sec. 250. 
Vig. 15.—Held at 545° C. 1922 see. X 200. 
Fig. 16.—Held aboso Ch 41 sec. xX 500. 
Fig. Li—Heldtat sahaaGr 67 sec. XX 250. 
Fig. 18.—Held at 585°C. 137 sec. X 250. 
Fig. 19.—Held at 535°C. 240sec. X 500. 
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The etching characteristics of the new phase, its relation in color and 
marking to 8, and the fact that the eutectoid patches grew across both 
phases with little change, suggested that the new phase was closely related 
to Bin structure. It seems to be a transitional phase, not represented on 
the equilibrium diagram, produced only by the decomposition of 6 at 
certain temperatures. It has been called 6’ (beta prime) and the mecha- 
nism of its formation will be discussed later. 

Transformation at 525° C.—The first sample, quenched after only 6 
sec., was homogeneous 6. A little of 6’ appeared in 10 sec. (Fig. 21) anda 
appeared after 17 sec. as a very thin film at the grain boundaries only, 
later growing into the body of the grains. a was always in contact with 
g’ and was never encountered in contact with 6 directly. Eutectoid 
appeared in the specimen quenched after 250 sec., and the patches of this 
rapidly grew and absorbed both the 8 and §’ areas, leaving the a needles 
embedded in it (Figs. 22 and 23). It is interesting to note that although 
eutectoid grew indiscriminately through 6 and 8’, that which was formed 
from a #’ area was distinctly different in tint from that formed from 8. 
This became more marked the lower the temperature, and indicated a 
different proportion of aluminum in §’, a fact that agrees with the ready 
crystallization of proeutectoid a from 6’, which must result in its enrich- 
ment with aluminum. 

Transformation at 500° C.—Transformation at this temperature 
commenced earlier than at 525° C. An extremely small quantity of a 
was visible at the grain boundaries even in the sample quenched after 
6 sec. After 27 sec. there was about 70 per cent of @’ in the body of the 
grain and an almost continuous layer at the boundaries. It was not until 
126 sec. that clearly visible a needles formed within the grains and the first 
traces of eutectoid became visible at the same time. Figs. 24 and 25 
show, at different magnifications, the structure of the specimen quenched 
after 242 sec. at 525° C. The growth of a was rapid and a considerable 
proportion of a needles was visible before the 8 and 8’ had finally decom- 
posed to eutectoid. £6 had completely transformed to 8’ before the last 
portions had decomposed. Figs. 26 and 27 show two stages in the com- 
pletion of the transformation at this temperature. 

Transformation at 475° C.—After only 30 sec. at 475° C., the specimen 
consisted almost entirely of fine-grained 8’ (Fig. 28). a was present as 


Fras. 20-25.—ALLoy 577, CONTAINING 11.87 PER CENT ALUMINUM. QUENCHED 
FROM 900° C. IN SALT BATH AT TEMPERATURE, HELD FOR TIME STATED AND QUENCHED 
[IN ICE WATER, I[ies. 20, 22, 24 anp 25 ETCHED with NH, + H.O:, Fie. 21 wits 
FINO; + H2CrO, anv Fic. 23 wira FeCl; + HCl. 

Fig. 20.—Held at 535° C. 480 sec. 200. 
Wig. 21.—Held at 525°C. 10sec. 250. 
Fig. 22.—Held at 525° C. 483 sec. 250. 
Fig. 23.—Held at 525° C. 1922 sec. 200. 
Fig. 24.—Held at 500° C. 242 sec. > 250. 
Fig. 25.—Same as Fig. 24. X 750. 
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thin films along the old 6 grain boundaries and after a little longer time 
developed as thin long. plates or needles growing into the body of the 
grains. The needles changed direction rather frequently and appeared 
almost curved at a low magnification (Figs. 29 and 30). With increasing 
time the amount of a rapidly increased, 6 disappeared after 244 sec. 
coincident with the appearance of eutectoid, to which the 6’ gave rise. 
Eutectoid growth was very slow (see, for example, Fig. 31, after 3844 
sec.) and was not complete until 14,940 sec. The final structure showed a 
considerable proportion of a needles embedded in the fine eutectoid matrix. 

Transformation at 450° C.—The amount of a found at 450° C. was even 
ereater than that occurring at 475° C. and persisted clearly visible in the 
fully decomposed alloy. Large amounts of 6’ were present even in the 
first alloy and no 6 remained unconverted to #’ after 127 sec. After 240 
sec. the well defined structure of a in a homogeneous #’ matrix shown in 
Fig. 32 was formed. Eutectoid was slow in forming and some 6 appeared 
in noneutectoidal form surrounding the a needles (Fig. 33). 

Transformation at 425° C.—After only 6 sec. at this temperature, 
the sample consisted almost entirely of 6’, with a little 8 and traces of a 
at the boundaries. Ten seconds left only a trace of 8 and after 16 sec. 
the specimen, save for a at the boundary, was homogeneous §’ and could 
not be distinguished from 6. a@ appeared in plate form after 27 sec., the 
plates being very long and thin. Although a growth was very rapid (see 
Figs. 34 and 35) the formation of eutectoid was slow and the end of 
transformation was considerably delayed. The amount of 6 in the eutec- 
toid was fairly large, as would be expected on account of the prior 
impoverishment of 6’ due to the a growth. In some areas, the 6 filled in 
the space between the a needles and no true eutectoid structure was 
formed. Figs. 36 and 87 show an intermediate and final sample in 
the series. 

Transformation at 400° C.—As in the specimens quenched after 10 sec. 
at 425° C., it was impossible to identify @’ as such in the series, although it 
is probable that the entire specimen rapidly changed to this phase. Long 
extraordinarily thin and straight needles or plates! of a formed even after 


Vas. 26—31.—ALLOY 577, CONTAINING 11.87 PER CENT ALUMINUM, QUENCHED 
FROM 900° C, IN SALT BATH AT TEMPERATURE, HELD FOR TIME STATED AND QUENCHED 
INICH WATER. ErcHep with NH,OH + H.O, pxcepr F 1a, 27, WHICH WAS ELECTRO- 
LYTICALLY BTCHED. 

Fig. 26.—Held at 500° C, 1920 sec. XX 250. 
Fig. 27,—Held at 500° C. 3870 sec. X 200. 
Fig, 28.—Held at 475°C. 80sec. X 250. 
Fig. 29.—Held at 475°C, 90sec. > 250. 
Fig. 30.—Held at 475° C. 120sec. > 250. 
Fig. 31.—Held at 475° C. 3844 sec. > 250. 


” The @ is almost certainly in the form of plates, since a thin needle would rarely 
leave a long trace on the sections but the two-dimensional appearance of the precipi- 
tate is that of needles, and that name is customarily applied. 
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33 sec. and these had reached considerable size before the eutectoid 
commenced to precipitate. Fig. 38 shows a specimen after 1 min. at 
400° C., and Fig. 39 after 1614 hr., when the eutectoid is growing. It is 
interesting to note that as the eutectoid forms from 6’ in the interstices 
between the a needles, it also grows appreciably into the latter, leaving 
these with a very jagged edge or in some cases completely obliterated. 
This is probably due to the fact that the a is considerably supersaturated 
with aluminum and 6 readily precipitates from it when nuclei are available. 

Transformation below 400° C.—The course of transformation below 
400° C. is very difficult to follow by microscopic examination and it is 


TaBLe 4.—X-ray Analysis of Low-temperature a 


a 


; 11.87 Per Cent Aluminum, Quenched 
Eee ts, 10 a Pee tars cm Very from 900° C. in eaten at 375° C. 
Cubic Plane p 
Indices 
Spacing, A | Intensity2 Ao Spacing, A Intensity* Ao 
2.250 vw 
111 2.123 s 3.68 2.125 Ss 3.68 
2.040 m 2.040 | m 
1.953 m 
100 1.832 s 3.66 
110 1.290 s 3.65 1.295 Ww 3.66 
1.178 vw 
311 1.101 s 3.65 ileal) m 3.68 
111(2) 1.051 m 3.64 1.059 vw 3.67 
100(2) 
331 0.885 | vw 3.64 
210 0.813 Vw 3.64 
AN.OLAE Cauion cies ian = eae Oe AVerage Fe een 3.674 


“3 = strong; m, medium; w, weak; vw, very weak. 


possible that the conclusions which follow are erroneous. Fig. 40 shows a 
sample quenched from 900° C. in a salt bath at 375° C. and maintained at 
that temperature for 32 days. At first glance the structure looks like 
acicular 6 except for the definiteness of the twin markings. Etching 
failed to distinguish greatly between these large needles and the undoubted 
a that was being precipitated in the eutectoid patches at the grain bounda- 
ries, and it was concluded that almost the entire specimen had changed 
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Fies. 32-37.—AuLoy 577, CONTAINING 11.87 PER CENT ALUMINUM. QUENCHED 


rROM 900° C. IN SALT BATH AT TEMPE 
: SAL RATURE, HELD FOR TIME STATED AND QUENCHED 
IN ICE WATER. ErcHep wira NH,OH + H,.O,. : 


Fig. 32.—Held at 450° C. 240 sec. 250. 
Vig. 33.—Held at 450° C. 4 hr. . 250. 
Fig. 34.—Held at 425°C. 60sec. XX 250. 
Fig. 35.—Held at 425° C. 120 sec. 250. 
Vig. 36.—Held at 425° C. 9180 sec. XX 250. 
Vig. 37.—Held at 425°C. 54hr. X 250. 
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Fias. 32-37.—CAPTIONS ON OPPOSITE PAGE. 
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to the constituent, although it was considerably beyond the normal 
limit of the a phase at this temperature. Specimens from higher temper- 
atures had shown increasing amounts of a coming from f’ and it is not 
impossible—indeed it is highly probable—that a can have much greater 
than the customary amount of aluminum in solution when it is in meta- 
stable equilibrium with 6’.”° 

Apart from the eventual formation of eutectoid after very long periods, 
there is no definite change in microstructure on heating at 375° C. This. 
can be seen by comparing Fig. 40 with a directly quenched acicular 6 
(Fig. 5), and one is tempted to suggest that acicular 6 is mainly a highly 
supersaturated and distorted form of a, much as martensite in steel is 
based on a highly distorted low-temperature lattice. The analogy 
between the two structures is close and would bear comparative study. 
The eutectoid, which finally forms at 375° C., is different in form from its 
high-temperature prototype and consists of irregular masses of a + 6 
having no lamellar structure whatever. 


Fies. 38-40.—ALLoy 577 CONTAINING 11.87 PER CENT ALUMINUM. QUENCHED 
FROM 900° C. IN SALT BATH AT TEMPERATURE, HELD FOR TIME STATED AND QUENCHED 
IN ICE WATER. Fics. 38.AND 39 ETCHED witH NH,OH + H2Oz2, Fic. 40 wirm K2Cr.0;. 


Fig. 38.—Held at 400°C. 64sec. X 250. 
Fig. 39.—Held at 400° C. 1616 hr. X 500. 
Fig. 40.—Held at 375° C. 32 days. X 250. 
Fies. 41-43.—At.oy 577, conTAINING 11.87 PER CENT ALUMINUM. ETCHED WITH 
NH,OH + H:20O.. 

Fig. 41.—Cooled at rate of 192° C. per hour. X 200. 

Fig. 42.—Cooled at rate of 126° C. per hour. X 500. 

Fig. 43.—Cooled at rate of 25°C. per hour. X 500. 


20 An X-ray diffraction pattern on a General Electric Co. diffraction apparatus 
was taken of a sample of the eutectoid alloy quenched from 900° C. in a salt bath at 
875° C. and held 72 hr. [The authors wish to thank Prof. John T. Norton of the 
Massachusetts Institute of Technology for making this exposure.] For comparison, 
an alloy with 10 per cent aluminum annealed at 600° C. and very slowly cooled was run 
alongside. Table 4 lists the lines obtained. The lines on the diffraction pattern of 
the alloy quenched to and annealed at 375° C. were, with two exceptions, 
accounted for by a face-centered cubic lattice of 3.674A parameter. The 10 
per cent aluminum alloy had a parameter of 3.652A with two lines presumably due to 
6, one of which was also present in the eutectoid alloy quenched at 375° C. The 
remarkable disappearance of the 100 line in the quenched alloy is difficult to account 
for. Roux and Cournot [Compt. rend. (1929) 188, 172] found a similar occurrence 
with a 10 per cent aluminum alloy quenched from high temperatures, and found the 
same additional lines at 1.953 and 2.046A, which were not present in the slowly cooled 
alloys. Except for the mysterious disappearance of the 100 line, the sample of eutec- 
toid composition quenched at 375° C. consists principally of alpha, and the increase in 
parameter shows it to be supersaturated with aluminum—checking our deduction 
from the microstructure. The 6 phase, according to the work of Persson [Ztsch. ike 
Phystk (1929) 58, 115] and Obinata (reference of footnote 9), is known to have 
a body-centered cubic “superlattice” of about. 5.835A parameter, the unit 


consisting of eight body-centered cubes with a regular arrangement of copper and 
aluminum atoms. 
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Fias. 38-43.—CApTIONS ON OPPOSITE PAGE. 
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Fias. 44-46.—A.Loy 577, conTarnine 11.87 PER CENT ALUMINUM. ETCHED wITH 
NH.OH + H.02 excepr WHERE OTHERWISE NOTED. 
Fig. 44.-—Cooled from 600° C. to 500° C. in 45 minutes, quenched.  X 200. 
Fig. 45.—Same as Fig. 44. Etched with HNO; + H.CrO,, x 1000. 
Fig. 46. Quenched from 500° C. after 155 transformations. x 150. 
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Transformation with Various Cooling Speeds.—Obinata?! has studied 
the transformation at comparatively rapid speeds. The transformation 
during furnace cooling was studied by the authors. Specimens were 
annealed for 1 hr. at 800° C., furnace-cooled to 600° C., then cooled at 
constant rates to 350° C. and quenched. The rates of cooling and the 
structures of the samples were as follows: 


Cooutne Rats, Dee. C. per HR. STRUCTURE 
About 250 B’ + a + eutectoid 
192 Trace 6’ + a + eutectoid 
126 All eutectoid 
84 All eutectoid 
41 All eutectoid 
25 All eutectoid 


Typical structures are shown in Figs. 41, 42 and 43. The eutectoid 
spacing becomes greater as the cooling rate becomes slower, and at the 
slowest rates there is a tendency for it to be spheroidal. Obviously, the 
slower the cooling rate, the higher the temperature at which the greater 
part of the transformation can take place. Some undecomposed 8’ is 
seen in Fig. 41. 

An excellent example of the mixed 8 and 8’ was obtained by cooling in 
45 min. from 600° to 500° C. and quenching at 500° C. This sample is 
shown in Fig. 44 and at a high magnification in Fig. 45. The latter 
figure shows particularly well the growth of eutectoid indiscriminately 
through 6 and @’ and the slight difference in color in the eutectoid formed 
from the two phases. 


Effect of Repeated Transformations 


The effect of causing the alloy to undergo a number of transformations 
was investigated, by setting the ‘fon’ and “‘off’’ contacts of a Leeds & 
Northrup temperature controller to work over the range 500° to 600° C. 
Rates of heating and cooling were adjusted so that complete transforma- 
tion took place in either direction, one complete cycle occupying about 1 
hour and 40 minutes. 

A sample quenched from 600° C. after 15714 cycles consisted of 8 and 
a little proeutectoid 6. Fig. 46 shows a sample quenched from 500° C. 
after 155 cycles, each cooling from 600° C. occupying 75 min. The 
photomicrograph shows fine eutectoid and proeutectoid 6, for the 
aluminum content of the alloy is somewhat in excess of the eutec- 
toid composition. 

To ascertain whether the repeated transformation had any effect on 
the final speed of decomposition, a number of samples that had been given 
157 transformations were quenched from 600° C. in a salt bath at 545° C. 
and single samples were withdrawn and quenched after varying periods of 
time. A series that had had but one transformation was run at the same 


217, Obinata: Reference of footnote 9. 
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time. The following table shows the time of beginning and completion of 
the transformation. The effect of the repeated transformation was to 


After | Eutectoid First Forms Between | Transformation Complete 
157 transformations 123-252 sec. 1922-3842 sec. 
1 transformation 123-240 sec. 975-1921 sec. 


slow down the completion of the @ eutectoid transformation, although the 
time at which the eutectoid first forms is not affected.” 

It is interesting to note that the amount of 6 is rather greater in the 
samples after many transformations than it was originally. This seems to 
be due to the fact that the small particles of 5 act as nuclei for further 
precipitation during cooling and for the eutectoid 6 to crystallize on. 
This increases the local concentration of aluminum and the short time 
allowed above the eutectoid point on reheating was insufficient to elimi- 
nate the composition gradient. Further concentration of 6 occurs with 
each transformation until the composition gradient in the 8 phase becomes 
so steep that diffusion on heating balances the concentration effect on 
cooling. Whether this effect is responsible for the delaying of the com- 
pletion of the transformation is not known. 


Electrical Conductivity 


The transformation of the copper-aluminum alloy containing 11.87 
per cent aluminum was also studied at three temperatures by means of 
electrical conductivity measurements. The sample used in determining 
the eutectoid transformation temperature, which had already undergone 
about six transformations, was employed, the sample being first annealed 
for 14 hr. at 600° C. then quenched in a salt bath at the desired tempera- 
ture, its conductivity being determined at frequent intervals until no 
further change occurred. The conductivity of the salt bath was found to 
be negligible compared with that of the sample, and it did not introduce 
complications, although it was in full contact with the specimen and 
lead wires. 

Readings were taken at 555°, 525° and 500° C., which are plotted in 
Fig. 47. The figure shows that at 555° C., after an initial decrease due to 


* HK. C. Bain (Campbell Memorial Lecture, Amer. Soc. Steel Treat., 1932) found 
grain size to have a great influence on the rate of the austenite-pearlite transfor- 
mation in steels. It was attempted to explain the change in speed of decomposition 
after many transformations on this basis, but measurements showed the grain size to 
be less than that of the main series at 900° C. Specimens consisting of a single 
crystal, cooled from 900° C., showed first eutectoid appearance in 480 sec., and 
transformation was complete in 3840 sec., at 545° C. At 475° C. a plates appeared 
in 125 sec., 6 in 1920 sec., and transformation was complete after 7800 sec.—less than 
the time required for the fine-grained material. Within the range studied, the effect 
of grain size is therefore not great, but even the polycrystalline samples were of such 
large size (about 0.8 mm. average grain diameter—far larger than the largest size 
studied by Bain) that the effect of the grain boundary was minimized and the 
transformation depended mainly on intracrystalline nuclei. 
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the fall in temperature, the resistance of the sample begins to increase and 
does so fairly uniformly until it reaches a constant value in about 2 hr. 
The time is not exactly comparable to that found by microscopic 


Resistance:- 
2110 er Initial = 2.163% 10-2 Ohms 
2 Final ~ 2.387 ¥ 10-2 ohms 


Resistance, Arbitrary Units. 
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Fic. 47.—TRAVSFORMATION OF EUTECTOID AT VARIOUS TEMPERATURES AS SHOWN 
BY ELECTRICAL RESISTANCE CURVES. 


study, although transformation begins at approximately the same 
moment. It is possible that the electrical conductivity continues to 
increase after all eutectoid is formed, although since the sample had 
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previously undergone several transformations, the difference may have 
been due to this. At 525° C., the resistance drops rapidly when first 
quenched, remains constant between 2.5 and 4 min., then drops suddenly, 
after which it increases uniformly to a constant value after about 23 
min. The second slight drop in the curve is undoubtedly caused by the 
precipitation of a, which makes its appearance rather rapidly. As 
eutectoid is formed, the increase in resistance occurs. The time at which 
a precipitates, as indicated by the rapid drop in resistance agrees with 
that found by microexamination, as also does the first appearance of 
eutectoid. The conductivity curve indicates the transformation to be 
complete in about 23 min. while microscopic examination on separate 
samples showed it to be complete in 16 min. At 500° C., the drop in 
resistance is rapid when first quenched, followed by a gradual decrease to a 
minimum after about 9 min., this gradual decrease being caused by 
precipitation of a. A uniform increase in resistance then occurs till it 
becomes constant after 50 minutes. 

The conductivity curves give a general idea of the progress of the 
transformation rather than an exact indication of the time at which the 
several phases in question appear or disappear. For example, at 500° C. 
the first appearance of 6 in the eutectoid may be masked by the precipita- 
tion of large amounts of a, so that it is impossible to tell at just what time 
6 first appears. 


Hardness of Transformed Samples 


Rockwell hardness measurements were taken on all of the samples in 
the transformation series at various temperatures. These are given in the 
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Fie. 48.—HARDNESS OF EUTECTOID FORMED AT VARIOUS TEMPERATURES. 


table of microstructures (Table 2) and selected values are plotted in 
Figs. 48 and 49. 

The final hardness of the specimens consisting entirely of eutectoid 
increases as the temperature of formation is lowered from 565° C. to a 
maximum at 525° C., followed by a decrease at lower temperatures, as is 
shown in Fig. 48. The increase with lowered temperature is due to 
decreasing plate size of the eutectoid, while the drop in hardness below 
525° C. is caused by the a phase, which appears prior to the eutectoid and 
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which remains distributed throughout it when the transformation is 
complete. After the eutectoid had been formed at any temperature, 
further annealing was found to have no effect on its hardness. At 
temperatures of 565° to 535° C. there is first a slight decrease in hard- 
ness, after which the formation of eutectoid causes a marked increase 
in hardness. 

Fig. 49 shows the variations of hardness with time at several tempera- 
tures. Comparing the hardness with the microstructures, there is no 
noticeable difference between the hardness of 6 and 6’ which suggests that 
Obinata’s homogeneous §’ obtained by cooling was in reality a fine a + 6 
complex. At 525° and 500° C., the precipitation of a causes a slight 
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Fic. 49.—TRANSFORMATION HARDNESS CURVE AT VARIOUS TEMPERATURES. 


decrease in hardness, which is followed by a marked increase as time 
proceeds and eutectoid is formed. 

In the range 475° to 400° C., the first precipitation of a increases the 
hardness, probably owing to critical dispersion, followed by a decrease as 
more is formed, and a final increase as 6 is precipitated. The low- 
temperature a formed at 375° C. and below has a much greater hardness 
than 6; again showing its similarity to martensite. 

There was no appreciable change in hardness of quenched 8 on stand- 
ing at room temperature for a period of 414 months. 


Transformation on Reheating after Quenching 


Samples quenched from a temperature above 570° C. to room tempera- 
ture, and annealed at temperatures below the transformation point, do not 
show the regular lamellar or spheroidal eutectoid structure. After this 
treatment the structures are more or less Widmanstatten in form, depend- 
ing on the reannealing temperature and the rate at which the sample is 
heated. This has been shown by earlier investigations. 
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Fies. 50-52.—Atuoy 577 sone 11 7 
Rae L ' N@ 11.87 PER CENT ALUMINUM. QUENCHED 
NCE. aan 900° C. AND GIVEN THE TREATMENTS DESCRIBED. ETCHED WITH 
Fig. 50.—Annealed 122 sec. in salt bath 5 
at 550° C. hed. 
A ig. Pema ape 19 hr. in salt bath at 550° C. Be . 320, 
ig. 52.—Heated to 550° C, in 1 hr. 20 min., held 174 hr. Quenched. % 230. 
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At 550° C., instead of the slow formation of eutectoid which occurs on 
direct cooling to this temperature, fine long needles of a make their 
appearance in a very short time (less than 30 sec.). A few almost hexa- 
gonal crystals of 6 appear, having no direct connection with the a and 
definitely not eutectoidal in form (Fig. 50). As time increases, 8 rapidly 
decomposes, giving rise to a small quantity of eutectoid at the grain 
boundaries, but mainly to wide needles of a and massive 6 filling in the 
spaces between these (Fig. 51). It requires 16 min. to complete the trans- 
formation at this temperature. If the specimen is heated slowly to 550° 
C. eutectoid is entirely absent and the structure consists of groups of a 
plates (Fig. 52). The rather remarkable growth of independent a and 6 is 
due probably to the formation of nuclei at low temperatures, either during 
the original quenching or during reheating. As the direct transformation 
series showed, needles or plates form very quickly below 400° C. The 
formation of noneutectoidal 6 is less easy to account for than a, but since 
a is removed from £ the latter must become supersaturated and 6 may 
then separate at higher temperatures as a proeutectoid constituent. 

When the quenched samples are quickly reheated to 500° C., the 
amount of eutectoid is somewhat greater than at 550° C., but the pre- 
dominating element in the structure is again the a, which extends as long 
parallel needles separated by 8 or more probably 8’, which gives rise to 
more a and massive 6 as it decomposes. About 25 per cent of 8’ decom- 
poses toa normal eutectoid structure. Complete transformation occurred 
after 30 min. Figs. 53 to 56 are typical of this series, Fig. 53 showing 
the formation of a and 6 both eutectoidal and noneutectoidal in form. 
Fig. 55 shows at high magnification the growth of a needles and 6 filling. 
At 500° C. heating slowly does not affect the structure greatly, neither 
does previous annealing at a lower temperature prior to heating to 500° C. 

Although the £6 is heavily striated and eutectoid commences to form 
soon (Figs. 57 and 58) there is no visible precipitation of a on reheating 
rapidly at 450° C. until after 1800 sec. It is highly probable, however, 
that ain submicroscopic form is separated in numerous heavy striations in 
the 8, for the needles when they are identifiable follow the same directions, 
although they are much coarser. A typical partly decomposed sample is 
shown in Fig. 59. Transformation is complete in 4 hr., a large part of the 
structure being eutectoidal. Slow heating to temperature is without effect. 

The decomposition on reheating to temperatures below 450° C. follow- 
ing quenching was not studied. It is believed that the structure observed 
would not be greatly different from those resulting from direct trans- 
formation at these temperatures. 


Effect of Tin on Transformation 


In the aluminum-tin-copper system there is known to be a phase 
similar to B’ but stable at room temperatures. Suspecting that this was 
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identical with 6’ but rendered stable by the addition of tin, two alloys 
were made up and the transformation studied by the methods applied to 
the copper-aluminum eutectoid. The microstructure observed after 
various times is shown in Table 5. 


TABLE 5.—Transformation of Copper-aluminum-tin Alloys 
Annealed 1 hr. at 900° C. and Quenched in Salt Bath Maintained at 535° C. 


Alloy Time in Bath, Sec. Structure 
30 B 
61 B 
121 BoE Bre 
Alloy 727. Cu, 87.7 per cent; Al, 11.3; 240 B+ p’+a 
Sn, 1.0 481 B+p’ +a+E 
963 C6 te 4 
1923 B+B’ +a+E 
3843 a+kE 
31 B 
60 B+a? 
120 B+a? 
Alloy 729. Cu, 87.2 per cent; Al, 10.8; 243 BB che 
Sn, 2.0 483 B+e6’+a 
961 Bp +e 
1920 B+ 6’ +a 
3843 B+e’ +a+E 


Both alloys quenched in water from 900° C. showed acicular structures. 
Fig. 60 shows a stage in the transformation of the 1 per cent alloy. 
Here §’ is shown forming particularly at the grain boundary, with a 
precipitation in it. The peppered appearance is due either to 6’ or a 
nuclei forming in the main mass of 8. Fig. 61 shows progress in the trans- 
formation at a grain boundary in the 2 per cent alloy. More #’ is present 
here and a is precipitating in it. Fig. 62 shows 6’ regularly orientated 
in the center of a grain in the same sample. Fig. 63 shows a still later 
stage with 6’ changing over massively to 6. Fig. 64 shows a + stable 6’ 
in an alloy containing 10 per cent aluminum, 4 per cent tin, slowly cooled 
from 900° to 525° C., held 24 hr. at 525° C. and quenched. Although 
large amounts of tin stabilize 8’, small amounts do not hasten, indeed 
seem rather to delay, the formation of transitional 6’ on cooling. 

Figs. 53-58.—AuLoy 577, CONTAINING 11.87 PER CENT ALUMINUM. QUENCHED 
FRoM 900° C. IN WATER. REANNEALED IN SALT BATH AT TEMPERATURE FOR TIME 


NOTED AND QUENCHED. ETcHEeD with NH,OH + H:0O:. 


Fig. 58.—Reannealed at 500° C. 450 sec. X 250. 
Fig. 54.—Reannealed at 500° C. 900 sec. X 250. 
Fig. 55.—Same as Fig. 54 x 1000. 
Fig. 56.—Reannealed at 500°C. 4hr. X 250. 
Fig. 57.—Reannealed at 450° C. 450 sec. X 250. 
Fig. 58.—Reannealed at 450° C. 903 sec. X 500. 
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Eiching 


As an etching reagent for microscopic examination of the alloys a 


50 per cent 0.90 sp. gr. ammonium hydroxide solution with additions of 10 


per cent of 9 per cent hydrogen peroxide was mainly used. At first, this 
was the only reagent found that would clearly distinguish the p’ phase 
from the 8; in fact, with other etching solutions, such as potassium bichro- 
mate, ferric chloride and ammonium persulfate, the presence of the 
former phase is entirely concealed. 


Fie. 65.—SameE as Fia. 44. Ercuep wit K2Cr.0;7. xX 200. 
Fic. 66.—SAME SPECIMEN AND FiEeLp As Fig. 65. Ercuep wirnh NH,OH + H,Os. 
X 200. 


Fig. 65 shows the same sample as that shown in Fig. 44, etched with 
potassium bichromate and sulfuric acid, an etching reagent which 
works perfectly with almost all copper alloys. On this specimen it shows 
eutectoid, proeutectoid 6 and a in a ground of well defined acicular £. 
The same field given a deep etch with ammonia and peroxide solution is 
shown in Fig. 66, in which the most conspicuous constituent is the 8’. 
Although photographically it is difficult to distinguish between a and 6 


Fias. 59-64.—TRANSFORMATION OF VARIOUS ALLOYS. Ercuep with NH,OH + H20.. 

Fig. 59.—Alloy 577, containing 11.87 per cent aluminum. Quenched from 900° C. 
in water. Reannealed in salt bath at 450° C. for 2 hr. and quenched. X 500. 

Fig. 60.—Alloy 727, containing 11.3 per cent aluminum, 1.0 per cent tin. 
Quenched from 900° C. in salt bath at 535° C. Held for 481 sec. and quenched. 
x 250. aps ; ’ 

Fig. 61.—Alloy 729, containing 10.8 per cent aluminum, 2.0 per cent tin. 
Quenched from 900° C. in salt bath at 535° C. Held for 961 see. and quenched. 
X 250. 


Fig. 62.—Same as Fig. 61. X 500. 
Fig. 63.—Alloy 729, containing 10.8 per cent aluminum, 2.0 per cent tin. 


Quenched from 900° C. in salt bath at 535° C. Held for 3843 sec. and quenched. 


500. ‘ 
es Fig. 64.—Alloy 708, containing 10.0 per cent aluminum, 4.0 per cent tin. 


Annealed 24 hr. at 525° C. and quenched. X 200. 
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visually the difference in color is evident and permits definite identifica- 
tion. Occasionally, as for example in Fig. 63, a blue color filter was used 
to show 6 as white, but most photographs were taken using a green 
(Wratten B) filter and the constituents merely outlined. 

After most of the photographs in this paper were taken, a new and 
better reagent was discovered. This consisted of dilute nitric and chromic 
acids, the optimum composition of the mixture having not yet been 
determined. The following was’ satisfactory: HNO; (1.42 sp. gr.), 40 
grams; CrOs, 25 erams ; H.O, 35 grams. This was used for Figs. 45 and 
21, which show how clearly it defines 6’ and £. 


Theory of Formation of p' 


Although the electrical conductivity curves obtained by all workers 
except Obinata do not show anything to indicate that the eutectoid 
transformation under equilibrium conditions is other than a simple 
change from 6 to a+ 6, Obinata’s work showing a double trans- 
formation cannot be neglected. Probably the discrepancy was due to the 
presence or absence of impurities modifying the change. Matsuda’s 
evidence for the presence of 8’ was the high electrical conductivity and 
small dilatation of alloys rapidly cooled, which Obinata regarded merely 
as confirmatory evidence. The microscopic evidence given in the present 
paper suggests that the low electrical conductivity and high density is due 
to supersaturated a, which, as we have shown, occurs in large quantities 
during cooling and which would have a predominating effect on the 
conductivity even if 8’ were previously or simultaneously formed. 

From analogy with the copper-tin and copper-zine diagrams one 
would expect complicated reactions, and in the ternary system copper- 
aluminum-tin Stockdale?* and others have definitely established the 
presence of a phase microscopically indistinguishable from 8 but which 
does not decompose in cooling. Just as in the copper-zine diagram it 
seems that the 6 almost forms a eutectoid and actually does so when 
small additions of other elements, for example tin, are made, the copper- 
aluminum system can be regarded as almost not forming a eutectoid 
and tending to form a second phase similar to 6 but of higher stability 
at lower temperatures. The mechanism of the formation of a@ and £’ 
can be accounted for in this way. 

It is theoretically possible to assume for any composition any space 
lattice arrangement we like and to compute the potential energy of the 
arrangement. Only that phase of lowest potential energy is capable of 
actual existence, however, since the others are unstable. There may 
easily be two possible structures of almost equal stability for the same 
composition, but however nearly it approaches the phase of lower energy 


3D. Stockdale: Jnl. Inst. Metals (1926) 35, 181. 
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the phase of higher energy cannot have any real existence. If the energy 
of the second phase decreases at a more rapid rate at lower temperatures 
than the first, there will be an intersection of the curves, at a point below 
which the second phase will be more stable. Occasionally, both the 
phases will be less stable at a still lower temperature than some other 
arrangement, and this double decomposition is probably what exists in the 
copper-tin diagram where the 8 and y phase are very similar in nature and 
decompose eutectoidally at temperatures close to each other. If the 
phase that is least stable decomposes at a higher temperature than the 
other it will never make its appearance. On the other hand, it is not 
impossible that, although in equilibrium conditions the 6 phase is the more 
stable, below the point at which 6 decomposes to a + ¥ the 6 and £’ curves 
intersect, rendering 8’ the more stable of the two phases. This is shown 


POTENTIAL ENERGY —> 
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Fic. 67.—HyYPorTHETICAL POTENTIAL ENERGY CURVES. 


diagrammatically in Fig. 67, where three hypothetical potential energy 
curves for the eutectoid composition are plotted. The point ¢, corre- 
sponds to the eutectoid temperature, for it marks the point where 6 corre- 
sponds to less energy than a + 6. The curve for 8’ is always above the 
minimum but intersects the a + 6 curve at 1, forming the hypothetical 
eutectoid B’ = a+ 46, and the 6 curve at ts, the transformation point 
8 — B’. On cooling below ft. but above ¢; 6 will decompose directly to 
a+ 6. Ifitis retained by cooling at a sufficiently rapid rate to below fs, 
it will be able to change to 6’, which is at that temperature more stable 
than 6 but less stable than a+ 6. In view of the evident similarity of 
structure between #’ and @ this transformation takes place easily, and so 
the phase 6’ has an independent though transitional existence. 6 can, of 
course, decompose directly to a + 6 without 6’ being involved, and the 
final result is a balance between the rate of transformation to 6’ and the 
range of decomposition of both 6’ and 6 to a+ 6. 

This theory does not take into account the formation of a. The phase 
6’ is, judging from its etching characteristics, somewhat similar to 6 
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but of higher aluminum content. An alloy consisting of pure 6 of equili- 
brium eutectoid composition is therefore in the metastable a + §’ region, 
and a will separate out. In view of the fact that o in pseudoequilibrium 
with 6’ undoubtedly contains more aluminum than equilibrium a it 
would be possible to obtain almost all the alloy in the a form. Jette, 
Westgren and Phragmén* found a quenched sample of eutectoid com- 
position to contain far more a than the slowly cooled alloy, and our own 
microscopic examination and X-ray patterns have shown that samples 
quenched to temperatures in the neighborhood of 400° C. and allowed to 
transform there consist almost entirely of a. 

Fig. 68 is an attempt to show the possibility of a formation. The 
heavy lines represent the true equilibrium diagram. The heavy dashed 
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Fic. 68.—HyYpoTHETICAL DIAGRAM SHOWING POSSIBILITY OF OBTAINING SUPERSAT- 
URATED a@ OF EUTECTOIDAL COMPOSITION. 


lines are merely the continuation of the a/a + 6 boundary and show 
clearly that an alloy of true eutectoid composition, if supercooled even 
without decomposition of 8, would be supersaturated in relation to a. 
The light lines show the hypothetical 6’ phase, t; representing its eutectoid 
temperature. The a/a + 6’ line would be expected to be at a higher 
aluminum content than the equilibrium line because 6’ contains more 
aluminum and is less stable. This line continued to lower temperatures 
will intersect the line t;, which represents the transformation from £8 to 
6’, and thereafter is a true metastable line, although above tf; 6’ cannot 
possibly exist. The a boundary is displaced considerably from the 
equilibrium limit, and is shown as extending actually beyond the equi- 
librium eutectoid composition. This diagram is entirely hypothetical, 
for we have no means of determining the shift of the composition of @ in 


equilibrium with 6’, but there is little doubt that some such mechanism 
actually occurs. 


*H. R. Jette, A. F. Westgren and G. Phragmén: Jnl. Inst. Metals (1924) 34, 193. 
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An alternative theory for the formation of 8’ could be based on a 
submerged transformation being affected less than the normal eutectoid 
by an increased rate of cooling. There would then be a critical rate 
beyond which the submerged transformation would occur. 


SUMMARY 


The decomposition of an aluminum-copper alloy containing 11.87 
per cent aluminum was studied microscopically by cooling samples 
directly from the £ field in a salt bath maintained at constant tempera- 
tures below the eutectoid point (which has been redetermined as 570° + 
1° C.) and quenching after various periods of time. Immediately below 
the eutectoid temperature the rate of formation of eutectoid was very 
small and at 565° C. transformation did not commence for 1 hr. and was 
not complete until after 10 hr. At 535° C. the rate of transformation 
was greatest and complete transformation occurred in 7 min. Lower 
temperatures increased the time for complete transformation, up to 
about 5 days at 400° C., below which the microstructures were difficult 
to interpret. The temperature of 535° C. also marked the appearance 
of a transitional phase not represented on the equilibrium diagram, and 
from this phase, called 6’, a needles or plates grew with extreme rapidity. 
This transitional 6’ phase is a new observation and is not identical with 
the transitional phase indicated by the electrical conductivity curves of 
Obinata and Matsuda, whose results were probably due to alpha pre- 
cipitation. The phase is difficult to show microscopically and is not 
shown by the etching reagents usually used for aluminum-copper alloys. 
The amount of a was greater the lower the temperature, and it is believed 
that below 400° C. almost the entire specimen became a, although the 
equilibrium limit of solubility of aluminum in the a solid solution is 
only 9.8 per cent. A theory is advanced to account for the transitional 
phase and for the formation of supersaturated a. The change of micro- 
structure occurring during reheating quenched samples was also studied. 
These conclusions were arrived at entirely by means of a microscopic 
study, but corroborative data were obtained from X-ray diffrac- 
tion studies, hardness measurements and electrical conductivity 
determinations. 
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DISCUSSION * 
(Robert F. Mehl presiding) 


C. H. Marnewson, New Haven, Conn. (written discussion).—The authors have 
given a complete record of the change in microstructure at every stage of the trans- 
formation from 6 to eutectoid in the copper-aluminum system. This work taken 
in connection with the X-ray investigation of quenched 8 by Ageew and Kurdjumow 
leads to some confusion concerning the meaning of the term #’ used by both authors. 
Smith and Lindlief describe as acicular 6 the structure element to which Ageew and 
Kurdjumow, using the term §’, have ascribed a deformed cubic lattice with one set 
of planes of form {111} having a spacing somewhat different from that of the others. 
From Smith and Lindlief’s experiments, it is apparent that acicular 8 is formed by 
ordinary quenching at any temperature above the eutectoid point, or in transitory 
form by quenching (from 900° C.) into a salt bath held at any temperature below the 
eutectoid point. The microstructurally unique 8’ of Smith and Lindlief, formed under 
certain specified conditions of quenching temperature and rate, is therefore a new- 
comer in the system and we must now distinguish between the original 8, stable above 
the eutectoid temperature, quenched acicular 6 (or the first 6’), and this new “p’” 
occurring in the form of ‘‘rosette-shaped particles.” 

All authors agree that acicular £ is in a strained condition and it is therefore possible 
that the change from this to Smith and Lindlief’s 6’, which occurs as an early stage 
in a relatively rapid series of transformations pointed towards the normal eutectoid 
structure, is in the nature of a granulation (recrystallization) process without change 
of crystal structure. 

Concerning the mechanism of formation of 8’ (acicular 8), Ageew and Kurdjumow 
propose a rapid metastable rearrangement of the 8 lattice when the normal develop- 
ment of a and 6 at the eutectoid point is prevented by quick cooling and the conse- 
quent failure of the prerequisite adjustment of concentration by diffusion to occur. 
This rearrangement of 8 is likened to the change that occurs in the process of mechani- 
cal twinning and, although no detailed discussion of this is given in the paper, con- 
tinued reference is made to points of similarity between this transformation and that 
of austenite to martensite as described in a recent paper by Kurdjumow and Sachs;?5 
and therein attributed to a shearing process of this character which is analyzed in 
considerable detail. 

The present transformation would appear to require a shearing movement on 
each plane of a given {110} family in the body-centered 6 lattice of one-sixth of an 
atom to atom distance in the direction of form [110].2° This would give the general 
arrangement of the face-centered cubic lattice with a distorted {111} plane occupying 
the position of the shear plane from the other lattice. Moreover, the distance between 
the planes of this family in the new lattice would also constitute a distortion as it 
would be the (unrelated) distance between planes of a family {110} in the other 
lattice. The distorted (unequilateral) triangular arrangement of atoms on the above 
set of planes of form {111} could now be removed by another shear of just the right 


* Many of the following discussions refer to a paper by N. Ageew and G. Kurd- 
jumow, which was presented from manuscript at the A.I.M.E. meeting in February, 
1933, under the title of The Metastable Solid Solution g’ of the Copper-aluminum 
Alloys. A brief preliminary note by these authors was published in Physikal. Ztsch. 
d. Sovjetunion (1982) 2, 146. 

2° G. Kurdjumow and G. Sachs: Uber den Mechanismus der Stahlhartung. Ztsch. 
f. Physik (1930) 64, 325. 

*° Only one such direction oecurs in a given plane of form {110}. 
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amount along planes of a family {211} normal to {111}, thus perfecting a structure 
in which three families of {111} planes would have the same spacing. The shearing 
operations may be followed by reference to Kurdjumow and Sach’s Figs. 31 to 34. 

A structure of this general nature, intermediate between those of the body- 
centered and face-centered cubic lattices, seems to have been found by Ageew and 
Kurdjumow. A further small adjustment of dimensions would give the a phase in 
normal form. The formation of the 6 phase must be left for future consideration 
along with the more precise determination of the #’ structure and correla- 
tion of these crystallographic features with the geometry of the acicular markings 
in quenched £. 

Even the present semiquantitative deductions should offer a measure of satisfac- 
tion to Smith and Lindlief, who write on page 88 of their paper, ‘‘one is tempted to 
suggest that acicular 6 is mainly a highly distorted form of a, much as martensite in 
steel is based on a highly distorted low-temperature lattice. The analogy between 
the two structures is close and would bear comparative study.” 

The twin markings to which they refer (p.’86) should now be regarded as markings 
produced by a shearing process not unlike that of twinning but carried just far enough 
to produce, not twinning, or definite reorientation of the pre-existing structure, but a 
changed lattice. To thus initiate the change from one lattice to the other requires 
only half the shearing movement necessary for twinning in the face-centered 
cubic lattice. 

It would seem that in this case the structural change should be rendered apparent 
by the presence of the plane of shear as a composition plane between original and 
transformed £6 just as twinning is made evident by the presence of similar (twinning) 
planes that give rise to the familiar straight line boundaries in the microstructure. 

This theory of formation of the acicular structure might be tested by attempting 
to locate the hypothetical composition planes in relation to both the original and the 
transformed lattice, utilizing the methods commonly used in studying segre- 
gate structures. 


R. F. Meat, Pittsburgh, Pa. (written discussion).—The photomicrographs pre- 
pared by Dr. Smith and Mr. Lindlief are very good in view of the difficulties offered by 
these alloys, and I do not remember seeing a more complete study of any one alloy 
composition; such a complete study is amply justified by the complexities attending 
alloy transformations, complexities which have become apparent in nonferrous alloys 
only within the last few years. 

Many of the structures shown bear striking resemblance to those shown in the 
decomposition of 6 brass by Dr. Marzke and myself two years ago, and further illus- 
trate the analogies in microstructure of decomposition products in structurally anal- 
ogous systems. Fig. 61, showing the formation of the a phase, is very much like 
Figs. 4, 5 and 6 presented by Mr. Marzke.27 I am inclined to believe that the 
apparently curved a plates in Figs. 30, 32 and 35 represent branches of straight plates, 
reasoning by analogy from similar structures observed by Marzke and by Weerts in 
Germany, and, accordingly, that these particles of a are not needles but plates, since 
it has been shown that a forming from £ in the copper-zine system at low temperatures 
takes the form of true plates, though at high temperatures it takes the outward form 
of true needles. 

Acicular B is a structure of peculiar interest, because of its analogy with martens- 
ite. In many ways it looks like martensite, but in contrast to martensite appears to 
contain large twins. Martensite, formed by the precipitation of body-centered cubie 
a iron from face-centered cubie austenite, shows a maximum of four traces on the 
surface of polish, corresponding to precipitation on octahedral planes. Acicular 6 


27 A. I. M. E. Contribution 29. (See page 64.) 
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probably represents the formation of face-centered cubic « from body-centered cubic 
8; crystallographically it is the reverse case of the formation of martensite. By 
analogy with the crystallographic mechanism for such transformations in other sys- 
tems demonstrated by Smith and by Marzke in this country and by Weerts in Ger- 
many, we may expect the acicular markings to represent traces of the dodecahedral 
planes, showing a maximum of six. May I ask whether the authors have prepared 
frequency curves for this structure? In studying the structure these would be 
interesting and valuable. 

The new #’ phase which the authors have discovered is puzzling. In some of the 
photomicrographs it resembles the 7 phase formed in the slow cooling of hypereutec- 
toid copper-zine alloys. Doubtless it bears a relationship in orientation to the 
parent 6 phase, for the outlines of the separate 6’ areas are frequently symmetrical, 
and also because on further transformation it gives rise to oriented a needles and plates. 

I am inclined to agree with the authors that the constituents in the pearlitic 
eutectoid are oriented with respect to the matrix phase. The observation that slip 
planes run parallel through much of a single pearlitic area is rather suggestive of this; 
years ago Rosenhain observed a similar behavior in eutectics. Indeed, it now seems 
likely that all transformations in the solid state lead to oriented structures. This 
has been demonstrated for Widmanstitten structures and for several recrystallization 
structures. An experimental demonstration upon eutectoids, however, is attended by 
many difficulties. 

The observation on direction of growth of the pearlitic structure is important, I 
think. Similar observations were made by Bain for pearlite in steels. It seems to 
me that these observations will require a modification of the usual reciprocal super- 
saturation theory of eutectoids, for it seems fairly obvious that the two constituents 
deposit essentially simultaneously. 

The great interest that has been shown recently in analyzing rates of reaction in 
the solid state will doubtless lead to a more rational basis for heat treatment. It 
has been usual to compare rate curves of the type shown in Fig. 7 with theoretical 
curves for first order chemical reactions. I think the authors have been wise in 
refraining from this. Obviously the process proceeds by nuclei formation and 
crystallization upon these nuclei. Sachs in Germany has recently analyzed rate 
curves upon this basis?’ and shown that the slow start of the reactions, which is anom- 
alous when compared to curves of first order reactions, is in fact entirely normal. 
There is a real need for a close analysis of actual curves on the basis of the equations 
Sachs derives. 

The authors’ observations that inclusions occasionally act as nuclei for transfor- 
mations may prove to be of practical importance. The crystallographic nature of the 
inclusion should determine its effectiveness in inoculating the unstable phase, for an 
inclusion showing a crystal symmetry similar to that of one or more of the decom- 
position products should be much more effective in inoculation than an inclusion 
without such crystalline similarity. This matter is one worthy of careful study. It 
might be possible to hurry transformation—when desired—by an incorporation of a 
proper inoculating inclusion, or to delay transformation—which practically would be 
of greater importance—by excluding or removing all such inclusions. 


O. T. Marzxn, Lansing, Mich.—In several of the specimens examined in my work 
on the precipitation of a from 6 brass, I noticed a duplex structure in the 6 field very 
similar to that shown in Figs. 44 and 45 of Smith and Lindlief’s paper. I attributed 
it to an etching effect and continued etching until I was able to destroy it. I wonder 
whether anyone else has noticed this structure in 6 brass, and if it might not be due 
to a mixture of the 6 and 6’ phases. 


8 Zisch. f. Physik (1932) 77, 281. 
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R. M. Brick, New Haven, Conn.—Smith and Lindlief find that the temperature 
of the 6 transformation occurs at 570°C. Their micrographs show that this was found 
on polycrystalline material. Ageew and Kurdjumow, working with single crystals, 
apparently found the transformation at 583° C, judging from the few curves that 
were shown. 

P. Wiest,?® working with copper-silver alloys, found that the temperature of the 
transformation, copper solid solution to the two-phase copper and silver solid solu- 
tions, was different for polycrystalline and single-crystal alloys of the same composition. 
Could a similar effect of grain size explain the difference in the 8B transfor- 
mation temperatures? 


I. Opinata, Port Arthur, Manchuria (written discussion).—In the paper by 
Dr. Smith and Mr. Lindlief, and in that by Mr. Ageew and Mr. Kurdjumow, as well 
as in the recent work of Dr. Bradley and Dr. Jones,*°I am glad to find that the existence 
of the intermediate B’ phase, which I had detected in my previous work, is confirmed, 
though the experimental results differ somewhat in details with the authors. 

Smith and Lindlief could not confirm the two breaks that I have found on the 
electrical-resistivity curves of the alloys on heating. JI wonder whether the tempera- 
ture of the furnace used by these authors was uniform enough to detect the two breaks, 
which should take place in succession in the narrow range of temperature of about 
10° C. I agree with these authors that the p’ phase is a metastable intermediate state 
during the eutectoid transformation, like martensite in the iron-carbon alloys, even 
if there appear two breaks on the resistivity curves on heating. 

It is interesting to see in the paper by Ageew and Kurdjumow that the 6’ phase 
should be a sort of deformed cubic lattice. Recently Bradley and Jones arrived 
at a similar conclusion that the said phase is closely related to the face-centered a 
phase. Iam carrying on further experiments on this subject, the result of which will 
be published in the Memoirs of the Ryojun College of Engineering. 

The X-ray analysis of the a phase carried out by Smith and Lindlief has shown 
that the (400) line of the face-centered a phase disappears. Dr. G. Wassermann and 
I have recently found the same phenomena, in precision X-ray diagrams of this phase. 
The limiting value of the lattice constant of the a solid solutions is determined to be 
3.65814. (20° C.). 


N. Acrrw, Leningrad, U.S.S.R. (written discussion).—The interesting new phase 
pointed out by Smith and Lindlief exists only in a narrow interval of temperature and 
time and it is only a coincidence that two quite different phases in their paper and 
in ours*! were called 6’. The phase #’ in our paper is the metastable solid solution 
formed by quick cooling under conditions similar to formation of martensite in steel. 
This phase has been studied by many investigators and is well known by its acicular 
structure and a lattice quite different from the lattice of the 8 phase. The condition 
for the formation of this metastable phase is a low temperature, at which diffusion 
is not possible, but the rearrangement of tne lattice occurs at a sufficiently rapid rate. 

The phase 6’ of Smith and Lindlief is a new phase, not only studied, but also 
discovered by them. The formation of this phase at temperatures at which diffusion 
can proceed with a visible velocity leads us to suppose that Smith and Lindlief’s 
8’ phase is much closer in lattice structure to the stable phases a and y than our 


phase p’. 


29 Ztsch. f. Physik (1932) 74, 225. 

30 A. J. Bradley and Phyllis Jones: An X-ray Investigation of the Copper-aluminum 
Alloys. Inst. of Metals Advance copy 625 (1933). 

31 See footnote on page 106. 
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It is not necessary now to consider the details of both papers. ; It may only be 
pointed out that if our investigation completes the research work in the domain of 
quenching of the aluminium bronze, the research by Smith and Lindlief not only 
attacks with a new tool the previously studied question of hardening of these alloys, 
but also points out the way for further research in this direction. I see in this the 
force and importance of the interesting and careful research of Dr. Smith and 


Mr. Lindlief. 


A. J. Brapuey, Manchester, England (written discussion).—I should like to 
congratulate the authors on their beautiful series of photomicrographs, showing the 
changes in the alloy containing 11.87 per cent Al produced by different heat treat- 
ments. For comparison, it would be interesting to have a series of X-ray photo- 
graphs of this alloy after similar treatment. Do the authors consider acicular B 
obtained by quenching as in Fig. 5 to be equivalent to the 8’ phase of Obinata and 
other X-ray workers? If so, would they expect to find a difference in the X-ray 
photographs from this specimen and from the rosette-shaped particles which the 
authors have called ’, and which are best shown in Fig. 28? 

It has been our experience that filings taken from any alloy of composition 11 to 
15 per cent Al, when quenched in water from a temperature high enough to prevent 
decomposition into a + 6, always give the same X-ray pattern. This corresponds 
to Obinata’s B’ phase, and is distinct from both the high-temperature body-centered 
B structure and the low-temperature a and 6 phases. A photomicrograph from an 
alloy of the same composition and quenched in exactly the same way shows the 
typical acicular pattern. After annealing the powders at 500° C. for several hours 
and cooling in the furnace, the mixed patterns of @ and 6 are obtained, the corre- 
sponding photomicrographs showing eutectoid with either primary a or primary 6. 

It is remarkable that our 6’ X-ray pattern is so very similar to the a pattern. It 
might easily be mistaken for a mixture of a with another phase, were it not for the 
absence of lines to correspond with the lines 200, 400, and 331 of the face-centered 
pattern. The extreme fuzziness of the lines is, however, in striking contrast with the 
comparatively sharp lines of the @ pattern. 


G. Kurpsumow, Dnjepropetrowsk, U.S.S.R. (written discussion*).—It is especially 
interesting to note that the authors were able to observe decomposition of the 8 phase 
at different temperatures and the differences in the course of the decomposition. 

It has already been shown by Obinata*? that the lattice of ‘‘acicular 6” differs 
from the lattice of the stable 8 phase at high temperatures and has an X-ray diffrac- 
tion pattern with many lines. Obinata designates this phase as 6’ and assumes its 
existence even at high temperatures, so that the eutectoid decomposition should take 
place according to the expression 8B =~’ =a-+ 6. The heating curve that was 
obtained in the work of Ageew and myself, and the “electric resistance-temperature 
curves” of Smith and Lindlief, show, however, that there is no new phase in the 
equilibrium diagram. Further, from the pole figures of some surfaces of the new 
lattice and from the powder diagram it can be concluded* that this lattice repre- 
sents a somewhat distorted cubic lattice and a similar orientation, ‘such as that of 
martensite or @ iron to austenite,** that of a tin bronze to the 8 phase*® and that of the 


* Translated from the German. 
*® T. Obinata: Mem. Ryojun College of Engineering (1931) 8, 285. 
** N. Ageew and G. Kurdjumow: See footnote on page 106. 
*4G. Kurdjumow and G, Sachs: Ztsch. Phys. (1930) 64, 325. 
R. F. Mehl, C. 8. Barrett and D. W. Smith: Trans. A.I.M.E. (1933) 105. 
%> J. Jsaitschew and G. Kurdjumow: Metallwirtschaft (1932) 11, 554. 
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a brass to 6 brass.3° The new lattice can be considered as a distorted lattice of the 
a Al bronzes. 

In our work we retain the Obinata designation 8’ for this lattice. Here I would 
call this phase ‘‘acicular 8” in order not to confuse it3” with the new phase ’ found by 
Smith and Lindlief. The lattice determination of the ‘‘acicular B’’ has not been done 
satisfactorily (the indication of the powder diagram given by Obinata is contradictory 
to the pole figures obtained by Ageew and myself) and it must be considered as one 
of the next tasks because of its great importance in the problem of the mechanism of 
transformations in the solid state. 

The authors of the paper under discussion came to the same conclusion regarding 
the nature of the acicular 8 on the basis of their microscopic results, and consider this 
phase as an @ phase supersaturated with aluminum. They also tried to find confirma- 
tion of this conclusion by determining the lattice dimensions, and found the spacing 
of the lattice plane intervals. They call attention to the fact that the line (100) of 
the face-centered a lattice disappeared on the powder picture of the 11.87 per cent 
alloy; in addition new lines are seen. This can be explained by the fact that it is not 
a case of a cubic, but a somewhat distorted cubic lattice. Our X-ray pictures show 
the same lines that are given in Table 6. Théy also show, like the photograms of 


TABLE 6 


11.87 Per Cent ALLoy Kept 72 Hr. 1n SALT Batu 
AT 375° AND QUENCHED,IN WaTER (SMITH AND 12.6 PER Cent ALLOY QUENCHED IN,WATER FROM 


LinvDuizF), ANGSTROMS 1000° (AGEEW aND KurpJumMow), ANGSTROMS 
2.250 2.22 
2.125 2.09 
2.040 2.01 
1.953 1.93 
1.295 1.29 
LEO: 1.11 
1.059 1.06 


Obinata, a number of lines some of which are not weak. The powder diagrams of 
Smith and Lindlief were made from the sample that had been quenched in the salt 
bath at 375° and were heated at this temperature for 72 hr. before quenching in water. 
According to tests made with Ageew, the lattice of the acicular 6 decomposes with an 
appreciable velocity at this temperature. Then the a phase appears and also the line 
(100). For this reason it must be expected that if the acicular 6 forms during heating 
at 375°, it would also be subject to gradual decomposition. But we see that no (100) 
line is present. This fact might possibly be explained otherwise, but it is not pre- 
cluded by the following hypothesis. The decomposition of the 8 phase does not take 
place at all at the temperature of 375°; the formation of the acicular 6 takes place only 
on further quenching in water. Therefore it is possible that here also, as in austenite, 
there is a temperature interval in which the 6 phase could remain undecomposed for 
a long time.*® But we have as yet no experimental data in this direction. In regard 
to the mechanism of the formation of acicular 8 we now have the idea, according to 
which it consists in the uniform lattice transformation of individual regions of the 
B lattice into the lattice of the a phase, as is the case in the formation of martensite. 


36 M. Straumanis and J. Weerts: Ztsch. Phys. (1932) 78, 1. 

37 Possibly it might be more correct to designate “‘acicular 6” by a’ as was done by 
Ohman [J/ni. Iron and Steel Inst. (1931) 123, 445.] for indicating the tetragonal lattice 
of martensite. 

38 See, for example, H. Hanemann and H. Wiester: Arch. Hisenhtittenwesen (1931- 
32) 6, 377; H. Wiester: Zisch. Metallkunde (1932) 24, 276. 
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But as this change in atomic arrangement takes place at a high velocity® and at 
temperatures at which diffusion is very slow, a supersaturated solid solution of 
aluminum in the a lattice forms. The supersaturation causes the distortion of the 
a lattice. ‘ 

As used by Smith and Lindlief, the method of investigating the eutectoid decom- 
position at different temperatures, and the wonderful photomicrographs obtained by 
them, permit the establishment of the new fact that the decomposition of the 8 
phase takes place in a temperature region by a new intermediate state. The authors 
use 6’ to designate this phase. It also was shown that this phase is unstable and forms 
only as an intermediate state. It is interesting that an apparently similar inter- 
mediate phase also forms during the decomposition of the 6 phase of copper-tin alloys, 
which I was able to observe in work with Isatschew and Buyakow in Leningrad. 
With suitable cooling it was possible to obtain the 8 phase at room temperature. Then 
the decomposition of the 8 phase was studied with poly and single crystals. 

Thus it was found that the decomposition of the 6 phase into a + 6 does not take 
place directly, but in a certain temperature interval, through an intermediate phase. 
The lattice of this phase is hexagonal and has a definite orientation (with four posi- 
tions) in relation to the lattice of the mother phase. The nature of this phase is not 
yet evident; it still leaves open the question of the concentration ratios in this phase. 
The photomicrographs of this phase, as well as those of the 8’ copper-aluminum, 
differ from those of the martensitic intermediate state. It also is clear that diffusion 
can not play a part in the formation of this phase. 

One can obtain decomposition of the 8 phase of copper-tin bronze even during 
cooling, by quenching in a certain way. This forms an ‘‘acicular structure.” The 
powder photograms in this case show a line system that is very similar to the acicular 
8 copper-aluminum. 

The mechanism of the formation of a needles in the region between 535° and 400° 
also is not clear to me. The authors state that the quantity of a needles always 
increases with decreasing temperatures of the salt bath until the acicular 6 forms. 
They further conclude that these a needles must be supersaturated with aluminum. 
Is it not possible that the mechanism of the formation of the a needles may be the 
same as in the formation of acicular 6? If so, the supersaturated a lattice must 
naturally decompose immediately after its formation, because it is found at temper- 
atures at which it can decompose rapidly. (Decomposition of the acicular 6 takes 
place rather rapidly even at 400°.) If the mechanism is as indicated, the formation 
of a needles must proceed through the 6 intermediate state. It also is possible that 
the decomposition of the 8 phase in the temperature region of 535° to 400° can take 
place in two different ways: (1) through 6’ and (2) through the other intermediate 
state, acicular 6. 

According to the last investigations, therefore, it appears that the transformations 
at the eutectoid are rather complicated. But it can be seen that the fundamentals 
of the transformation processes are essentially very similar with different eutectoid 
alloys. It can be concluded that the eutectoid decomposition can take place in at 
least three ways: 

1. The transformation of the 6 phase takes place with great subcooling, and 
consists only in the mechanical reconstruction of the individual lattice regions without 
a change in concentration. The mechanics of the change itself can be described? 


** According to the experiments of H. Wiester, who observed the formation of 
martensite in steel in a film photogram, the time required for the formation of a 
martensite needle is less than 149 second [Ztsch. Metallkunde (1932) 24, 276]. 

0 A. Ivensen and G. Kurdjumow: Vestnik Metallopromischlennosti No. 9 (1930). 

G. Kurdjumow and G. Sachs: Ztsch. Phys. (1980) 64, 325. 

R. F. Mehl, C. 8. Barrett and D. W. Smith: Reference of footnote 34. 
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on the basis of orientation determinations. The resultant intermediate state can 
remain undecomposed for a long time, if diffusion is extremely slow. The inter- 
mediate lattice closely approximates the lattice of a’ crystal type of the eutectoid and _ 
can be considered as a supersaturated unstable solid solution. The decomposition 
of this intermediate phase takes place on annealing with the separation of one con- 
stituent; then the intermediate lattice approaches the lattice of a crystal type, retain- 
ing the orientation of this crystal type. The state of the separated constituent is 
not yet clear.*! 

2. The decomposition of the 6 phase also takes place with great subcooling but 
in a temperature range in which diffusion can act. Here also, decomposition takes 
place through an intermediate state that differs from the first intermediate state. 
Very little can be said at present in regard to the mechanics of the formation of this 
phase and its nature; further experiments are necessary. It also is possible that the 
decomposition in this temperature region may pass through the first intermediate 
lattice,” which decomposes very rapidly by diffusion at these temperatures. It is not 
impossible that the transformation may pass through both intermediate phases. 

3. With moderate subcooling decomposition takes place directly with the forma- 
tion of nuclei of both crystal types of the eutectoid and their further growth. 


C. 8S. SmrrxH (written discussion).—Many of the discussions have criticized our 
use of the term #@’ for the intermediate transitional phase that occurs in the form of 
rosette-shaped particles. The objection is based mainly on Obinata’s original assigna- 
tion of the term £’ to the form we have called ‘‘low-temperature a.” Unfortunately 
we did not encounter Obinata’s work until our own was well advanced and did not 
deem the change essential, particularly since Obinata was of the opinion that his 6’ had 
a stable existence in the equilibrium diagram, which we have refuted. In my own 
opinion, low-temperature @ should be called a’, following Dr. Kurdjumow’s sugges- 
tion, rather than £’, since it is much more closely related to the a phase than to 8. 

The suggestion by Dr. Mathewson that the structure we have called #’ is merely 
recrystallization of 6 is most interesting. However, I do not think that this is 
sufficient explanation, since 6’ forms from 6 at comparatively high temperatures even 
on furnace cooling under conditions where there is no strain. The acicular markings 
indicating strain are formed only on quenching or at a lower temperature than those 
at which £’ is first formed. Morever, when the §’ transformation is completed, the 
entire original 6 grain consists of 8’, and if it were merely recrystallization it would 
have resulted in a change of orientation of the grain as a whole, for which there would 
seem to be no reason. The acicular markings developed less readily in 6’ than in 6 
and do not appear at all in 6’ from which the excess of a has been precipitated (see, 
for example, Figs. 26 and 41). I expect that an alloy of sufficiently high aluminum 
content would change to a 6’ with no acicular markings, which might have a consider- 
able degree of stability. We hope to undertake in the future a study of the reaction 
in alloys of several different compositions. 

Dr. Mehl’s observation that the @’ is definitely orientated in relation to the parent 
8 is obviously correct. The Widmanstiitten form is particularly well developed in 
alloys containing tin (Fig. 62) but it is noticeable in the pure aluminum-copper alloys. 
I imagine that the p’ particles grow almost equally in three directions, and in this 
respect the analogy with y precipitation from 8 brass is correct. 6’ seems to have 


41 For iron-carbon, see G. Kurdjumow: Ztsch. Phys. (1929) 55, 187; Archiv f. Hisen- 
hiittenwesen (1932-33) 6, 167. F. Wever: Ztsch. Metallkunde (1932) 24, 270. We 
have too few experimental data on the decomposition of ‘‘acicular 8.” 

42 According to Wever (op. cit.) the transformation of austenite in this temperature 
range goes through the tetragonal intermediate lattice. 
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not only a related orientation but exactly the same orientation throughout a given 
6 grain. Most precipitates occur in a limited number of orientations; this in one only. 

I was so fully aware that the @ plates in Figs. 29 and 30 were straight plates with 
frequent changes of orientation that I considered the apparent curvature at low 
magnification an interesting fact worthy of note. 

The excellent work of Dr. Mehl on the orientation relations on solid transfor- 
mations, and the large crop of work by others that he has inspired, made us hesitant 
to attempt such studies in the present case. We have also avoided any attempt 
at a mathematical study of the rates of reaction, and, in fact, rather regret our attempts 
to develop a theory of g’ formation until more data as to its mode of occurrence 
are available. 

The remark by Mr. Marzke to the effect that structures similar to the B + 6’ 
structure observed in the copper-aluminum system can also be obtained under some 
conditions in the copper-zine system indicates that it is due to the same cause. It is 
possible that the metastable 8’ phase of the copper-aluminum system has the same 
structure as the B except for a regular instead of random arrangement of atoms. 

I do not think that the discrepancy between Ageew and Kurdjumow’s work and 
my own on the temperature of the eutectoid transformation can be explained on the 
basis of crystal size, as Mr. Brick suggests. As stated in footnote 22, there is not a 
great difference in the rate of transformation between normal polycrystalline material 
(about 0.8-mm. dia.) and single crystals measuring 44 in. square. 

Dr. Obinata’s remarks are most interesting. I do not think our results are 
concordant with the stable formation of 6’. If this phase had been formed with 
reasonable speed it certainly would have appeared in microsamples quenched after 
long periods at 568° C. (Fig. 3). The sample used for determining the eutectoid 
temperature by electrical conductivity measurements was bent into a grid measuring 
1144 by 34 by 14 in. This was placed inside a heavy copper tube of 1-in. inside 
diameter with 14-in. walls. It is impossible that there could have been an appreciable 
temperature difference along the specimen or that the thermocouple indicated a 
temperature different from that of the specimen. Additional confirmation of the 
absence of 6’ in the equilibrium diagram is given by the dilatometric curves of Ageew 
and Kurdjumow. 

Dr. Ageew considers the new 8’ phase to be closer in lattice structure to the 
stable phases a and y than is the low-temperature a (acicular 8). I have come to 
regard our 6’ phase as much more similar to 8 than to either a or y. 

Many comments have been made on the X-ray study mentioned as a footnote in 
the original paper. Most of the study was based on microscopic evidence; and no 
particular claim for accuracy is made for the X-ray studies. In reply to Dr. Bradley’s 
question, I believe the acicular 8 to be similar to ‘‘low-temperature a” and identical 
with the 6’ phase of Obinata. In my opinion, this should be called a’, and I believe 
my own £’ phase (the “rosette-shaped” particles) to be totally different from the 
acicular form. Rosette-shaped p’ often decomposes on quenching to an acicular form 
but it seems to be more stable than ordinary 8, particularly when it has had an 
opportunity to precipitate the excess a, and I believe that true 6’ could be retained 
at room temperatures for examination. My guess is that it is identical with 6 except 
for a regular arrangement of atoms, and in that way the analogy with the copper- 
zine B phase is close. 

I am in almost complete accord with Dr. Kurdjumow’s statements except possibly 
regarding the connection between the a needles forming at high temperatures and 
acicular 8 forming at low. I believe that ‘acicular B” forms very rapidly at 375° C. 
(probably with an intermediate ’ phase, although this cannot be identified micro- 
scopically). I consider that the alpha that forms at higher temperatures, although 
supersaturated in relation to delta, is in equilibrium with 6’ (although, of course, 
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8’ is not an equilibrium phase) and therefore the a needles are themselves quite stable 
as long as #’ rather than 6 is the phase with which they are in contact. 

Although acicular 8 will decompose rapidly on reheating to 400° C., the rate of 
decomposition is evidently less on direct cooling from the B zone to 375° C., and even 
after 32 days at 375° C. (see Fig. 40) the amount of decomposition is relatively small. 
The sample used for the X-ray diffraction pattern had been held 72 hr. at 375° C., 
following cooling from 900° C., and the microscope showed it to resemble Fig. 40 
except for the absence of precipitation of undoubted a and y in the grain boundaries. 

Is it not possible that acicular 6 results from the supersaturation of a with é and 
is formed by the decomposition of this supersaturated @ of face-centered cubic struc- 
ture rather than from the decomposition of 6 or 6’ body-centered cubic structure? 
Looked at in this way the mechanism of decomposition of an alloy of eutectoid com- 
position is roughly as follows: 6 first decomposes to 6’, and subsequently or simul- 
taneously a@ in large quantities appears, this a containing far more aluminum than is 
normally possible. With falling temperature the amount of a increases and £’ 
decreases. At a certain stage the structure will consist practically entirely of a, 
supersaturated with aluminum but still of the normal face-centered cubic structure. 
At low temperatures, after all 6’ has disappeared this unstable a commences to relieve 
its supersaturation, and does so through the intermediate stage of the acicular 8, which 
has a distorted face-centered cubic structure. According to this conception, the 
parent of acicular @ is a transitionally stable supersaturated @ and not either £ or p’. 


Segregate Structures of the Widmanstatten Type Developed 
from Solid Solutions of Copper in Zinc 


By M. L. Futipr* ann J. L. Roppa,* PALMERTON, Pa. 
(New York Meeting, February, 1933) 


In connection with an investigation in this laboratory on the high-zine 
side of the copper-zine system, it was observed that well developed segre- 
gate structures of the Widmanstatten type were formed when a secondary 
phase precipitated from the solid solution of copper in zinc. This paper 
presents an analysis of the crystallographic relationship between the 
segregate and the solid solution matrix. 

The data to be presented are an interesting addition to the literature 
on segregate structures in that the plane of segregation is one of the less 
densely populated planes. In agreement with the generalization of C. H. 
Mathewson and D. W. Smith! the plane of segregation in the matrix con- 
tains the direction of closest atomic packing of the lattice. Furthermore, 
the matrix and the segregate are both! hexagonal close-packed, which 
has not been reported hitherto in the literature.? The increasing com- 
mercial importance of zinc-alloys containing copper makes this funda- 
mental study of value to the metallography of zine alloys. 


ZINC-RICH COPPER-ZINC ALLOYS 


Copper enters into solid solution with zine to at least 1.8 per cent at 
400° C., according to W. M. Peirce.* The solubility is less at lower 
temperatures. Thus a solid solution of copper in zinc, saturated at an 
elevated temperature, will precipitate the excess copper in a separate 
phase at a lower temperature, conditions of concentration, time, and 
temperature being suitable. 

The nature of these two phases has been established by the X-ray 
method of crystal analysis. Westgren and Phragmén‘ and also Owen 
and Preston’ have shown that the solid solution eta (7) is of the substitu- 
tional type with copper atoms replacing zinc atoms on the hexagonal 

* Investigator, Research Division, The New Jersey Zine Co. 

'C. H. Mathewson and D. W. Smith: Trans. A. I. M. E. (1932) 99, 264-273. 

* An excellent summary of the published data on Widmanstiitten structures ‘is 
given by C. H. Mathewson and D. W. Smith: Op. cit. 

3'W. M. Peirce: Trans. A. I. M. E. (1922) 68, 767-795. 

‘A. Westgren and G. Phragmén: Phil. Mag. (1925) 50, 311-341. 

> E. A. Owen and G. D. Preston: Proc. Phys. Soc. (London) (1923) 36, 49-66. 
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close-packed zine structure in a chance distribution. Recent measure- 
ments in this laboratory with a Bohlin precision camera have shown that 
the solution of copper causes a decided decrease in axial ratio. The 
change from pure zinc to the solid solution of copper in zinc in a 1 per cent 
copper alloy is as follows: 


c/a 
| oe | co (Axial Ratio) 


4.938 + 0.001A 
4.896 + 0.001A 


1.856 
1.838 


PUTERZIN CR pean ec Tees 


0.0005A 
Solidusolutionsse se cee ae 0 


.0005A 


The atomic arrangement in the epsilon (e) phase which precipitates 
from the 7 solid solution has been shown also to be hexagonal close- 
packed. The axial ratio in the case of e is much lower than in that of 7. 
The ¢ phase saturated with zinc at 200° C. has the following dimensions ** 


ay = 2.762 + 0.003A cy = 4.308 + 0.005A c/a = 1.560 


It has not been possible to establish whether the constituent atoms in 
e are arranged at random on the hexagonal close-packed structure, as in a 
solid solution, or whether they occupy definite positions. Owen and 
Preston’ suggested a possible arrangement but were able to offer no proof, 
because of the near equivalence in X-ray scattering power of copper and 
zinc. Westgren and Phragmén® found that structurally similar phases in 
the silver-zine and gold-zine systems gave no evidence of anything but 
chance disposition of the constituent atoms and drew the corollary that 
such also was the case in the copper-zine system. 

The classification of ¢ and 7 as “ideal solid solutions” by Westgren and 
Phragmén is probably the best to be made from the information available. 

The precipitation of e from 7 is readily accomplished but the forma- 
tion of well developed segregate structures requires special and careful 
heat treatment. 


PREPARATION OF ALLOYS 


The two alloys used in this investigation were part of a group prepared 
by Gerald Edmunds, of this laboratory, to whom we are greatly indebted 
for the specimens used in this work. The alloys were originally prepared 
for a study of the solid solubility limits of copper in zinc in the presence of 
small amounts of magnesium and iron. The base metal used was a 
C.P. grade of zine and the total added magnesium plus iron was less than 


0.04 per cent. 


6 These measurements were made in this laboratory using the powder diffraction 
apparatus described by W. P. Davey in the General Elec. Rev. (1922) 25, 565. 

7 Reference of footnote 5. 

8 Reference of footnote 4. 
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One alloy contained 1.54 per cent copper by analysis. It was cast 


from 475° C. into molds at approximately 210° C. (size of slab, 3 by 9 by 
5g in.). The slab was annealed 24 hr. at 375° C. then rolled at 180° to 
200° C. to 0.060 in. The rolled strip was annealed 48 hr. at 400° C., 
insuring complete solution of all copper. A final annealing treatment of 
14 days at 200° C. followed by quenching caused precipitation of the 
excess copper as €. 

The second alloy analyzed 1.69 per cent copper. The treatment of 
this alloy was the same as for the first alloy except for the final annealing 
treatment, which was seven days at 200° C. 

Fortunately the rolling and annealing treatments yielded crystals, 
approximately 0.5 by 0.06 in. in cross-section, ideal for X-ray and 
microscopic study. 


DETERMINATION OF PLANE OF SEGREGATION 


The method used in determining the plane of segregation is the same 
as that so successfully used by R. F. Mehl and his colleagues’ in a series of 
papers on segregate structures. Starting with the polished microspeci- 
men, an X-ray determination of the orientation of a single matrix crystal 
is made and planes or directions in the lattice are sought which could give 
rise to the segregate structures observed under the microscope. 

Preparation of Microsections.—For the initial study the microsection 
was polished on a cross-section parallel to the rolling direction. The 
results of the first study indicated that the interpretation would be facili- 
tated if an additional plane of polish were examined. 

In the preparation of the microsection, the final polishing was carried 
out by the method previously described by one of the writers.!° The 
specimens were etched approximately one second in a solution of 20 grams 
CrO; and 1.5 grams Na2,SO, in 100 ¢.c. water. 

Measurement of Photomicrographs.—The angles of the segregate traces 
were measured to the nearest degree with reference to a fine scratch pro- 
duced with a drawn quartz point. The length of each trace was meds- 
ured, in order that more weight might be given to the longer traces, which 
represent a larger proportion of the entire segregate and whose directions 
are more accurately measurable. 

Upon each plane of polish a total of 750 to 1200 traces were measured 
over an area of 50 to 75 sq. em. at 500 dia. Frequency plots were pre- 
pared in which the measured angles were plotted as abscissas and the sum 
of the trace lengths for each angle as ordinates. 


*R. F. Mehl and C, 8. Barrett: Trans. A. I. M. E. (1931) 98, Inst. Metals Div., 
78-122. 
R. F. Mehl and O. T. Marzke: Jbid., 123-161. 
R. F. Mehl, C.S. Barrett and F. N. Rhines: Trans. A. 1, M. E. (1932) 99, 203-233. 
J. L. Rodda: Trans. A. I. M. E. (1932) 99, 149-158. 
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Orientation Determination by X-ray Method.—The matrix crystals 
were sufficiently large so that a determination of their orientation with 
respect to the plane of polish and reference scratch was very easily per- 
formed. The method used was the stationary-oscillating film method 


Figs. 1-4.—_SEGREGATE STRUCTURES IN ZINC-COPPER ALLOYS. 6500. 
Fig. 1.—1.54 per cent Cu alloy, original plane of polish. 
Fig. 2.—1.54 per cent Cu alloy, second plane of polish. 
Fig. 3.—1.69 per cent Cu alloy, original plane of polish. 
Fig. 4.—1.69 per cent Cu alloy, second plane of polish. 


proposed by W. P. Davey'! and outlined in detail by T. A. Wilson.'? 
Molybdenum K-a X-rays, film radii of 7.70 and 8.45 cm., and a 5-in. 
stereographic net were used in carrying out the method. 

Results —The alloy containing 1.54 per cent copper, whose prepara- 
tion and heat treatment were described earlier in this paper, was the first 
to be examined. Fig. 1 shows a photomicrograph of this specimen in 


11 W. P. Davey: Phys. Rev. (1924) 23, 764. 
12'T. A. Wilson: General Elec. Rev. (1928) 31, 612-621. 
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which three principal directions of segregate figures are present. Pre- 
vious microscopic observations indicated that the segregate takes the 
form of plates. Assuming that this form of segregate structure obtains 
in the present case, the needlelike figures in the photomicrograph (Fig. 1) 
are traces of plates intersecting the plane of polish. Planes of the form 
{10.0} or {11.0}, consisting of three families each, immediately suggest 
themselves as planes of the matrix upon which the plates form. In order 
definitely to identify the plane of segregation, however, it is necessary to 
know the orientation of the matrix crystal. 

The orientation of the matrix crystal of Fig. 1 is shown on the stereo- 
graphic projection, Fig. 9. The plane of polish of the microspecimen is 
the plane of projection and the reference scratch shown on the photo- 
micrograph is indicated on the projection by the vertical diameter of the 
primitive circle. The traces of the segregate plates are indicated by the 
diameters marked W, the positions plotted being the weighted averages 
in the three groups of positions found. The distribution of the measured 
directions of segregate traces is graphically shown on the frequency 
plot, Fig. 5. 

Examination of the stereographic projection revealed that {10.0} or 
{11.0} could not possibly be planes of segregation and that choice must be 
made among the planar forms having more than three families. Con- 
fining the search to planes of relatively low indices, it was found that 
selection must be made among {10.3}, {10.4} and {10.5}. With the 
stated orientation of matrix crystal, these planes give rise to three pairs 
of traces for each form of planes, the two members of each pair being 
separated only a few degrees from one another. On the basis of this 
determination the {10.4} plane is the plane of segregation. It is evident 
that instead of three directions of traces there are, in fact, three pairs of 
two directions each. 

In order to verify this analysis the specimen was repolished at such 
an angle that one of the {10.4} planes was nearly in the plane of polish. 
Upon such a plane of polish the segregate should show five traces and 
one plate. 

Fig. 2, a photomicrograph of the new section, confirms the analysis 
made upon Fig. 1, since it shows plates nearly parallel to the plane of 
polish and five distinct directions of segregate traces. The angular 
distribution of the traces is shown on the frequency plot of Fig. 6 and the 
weighted average of each of the five groups of directions is drawn upon the 
stereographic projection of the matrix orientation, Fig. 10. This projec- 
tion establishes the fact that there are six orientations of plates but it is 
difficult to decide among the {10.3}, {10.4} and {10.5} planar forms. 
Part of this difficulty is due to inability to plot the traces accurately on the 
projection and to measure the position on the photomicrograph of those 
planes which make small angles with the plane of polish. 
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In order to identify the plane of precipitation more conclusively, the 
second alloy (1.69 per cent Cu) was examined. | 

The photomicrograph, frequency plot, and stereographic projection 
are given in Figs. 3, 7 and 11, respectively. The orientation shown on 
the projection happened to be very 
similar to that of the first case 
(Figs. 1,5 and 9) and again the {10.4} 
traces are most nearly parallel to the 640 
segregate traces. 

Using the method of the stereo- 
graphic projection, an orientation of 
the solid solution matrix was found 
which would givea greater separation 
in the traces of the planes {10.3}, 
{10.4} and {10.5} than was obtained 
in the three cases discussed above. 
Accordingly, thecrystal of the 1.69 per 
cent alloy was repolished at an angle 
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such that this orientation with respect 0 Ay 90 a 
to the plane of polish was produced. ee cape nnd eee 
The corresponding photomicrograph, usnmunce Nonancs 


frequency plot, and stereographic Fia. 5—FrequENcy PLOT oF 
projection are shown as Figs. 4, 8 ee pian ee ae ee 
and 12, respectively. 

In four of the six orientations, the segregate traces almost coincide 
with those of the {10.4} planes. The other two cases show poor agree- 


ment with {10.4}, which is very probably caused by these planes appear- 
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Fig. 6.—FREQUENCY PLOT OF SEGREGATE TRACES CORRESPONDING TO Fa, 2. 
ing as elongated plates instead of needlelike traces, making it difficult to 
select the true trace. This is due to the fact that these two plates make 
small angles (less than 20°) with the plane of polish. Furthermore, in 
plotting, a small error in locating the stereographic projections of these 
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two planes makes a large error in the location of the traces in the plane 
of polish. 

The data presented above are sufficient to establish the fact that 
planes of the form {10.4} of the 7 solid solution are the ones upon which 

plates of eform. Some of the experi- 

mental data are in better agreement 

400 with planes of the form {10.3} or 

{10.5} as planes of segregation but in 

none of the four cases examined does 

lack of evidence for {10.4} point 
consistently to {10.3} or {10.5}. 

To determine the identity of the 
matrix plane of segregation is only a 
partial solution of the crystallographic 
problem presented by these structures. 
The final and experimentally most 
difficult step is to determine the 
orientation of the segregate relative 
to the matrix. 
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Fig. 8.—F REQUENCY PLOT OF SEGREGATE TRACES CORRESPONDING TO Fia. 4. 
determined by an ingenious method. A preferred orientation of 
the homogeneous solid solution was produced by wire drawing, after 
which precipitation was caused to take place by suitable annealing. 


13 First reference of footnote 9. 
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Fig. 9.—STEREOGRAPHIC PROJECTION UPON PLANE OF POLISH OF Fig. 1. 
© (10.3) planes, @ (10.4) planes, @ (10.5) planes. 
Full lines, traces of matrix planes; dashed lines, traces of segregate plates; dotted 
lines, coincident traces of matrix planes and segregate plates. 


Fic. 10.—STEREOGRAPHIC PROJECTION UPON PLANE OF POLISH OF Fla. 2. 
© (10.3) planes, @ (10.4) planes, @ (10.5) planes. 
Full lines, traces of matrix planes; dashed lines, traces of segregate plates; dotted 
lines, coincident traces of matrix planes and segregate plates. 
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Fig. 11.—STEREOGRAPHIC PROJECTION UPON PLANE OF POLISH OF Fig. 3. 
O (10.3) planes, g (10.4) planes, @ (10.5) planes. 
Full lines, traces of matrix planes; dashed lines, traces of segregate plates; dotted 
lines, coincident traces of matrix planes and segregate plates. 


Fig. 12.—STEREOGRAPHIC PROJECTION UPON PLANE OF POLISH OF Fra. 4. 
‘ © (10.3) planes, @ (10.4) planes, @ (10.5) planes. 
_ Full lines, traces of matrix planes; dashed lines, traces of segregate plates; dotted 
lines. coincident traces of matrix planes and segregate plates. 
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This treatment resulted in mutually related fiber structures of the 
segregate and the matrix. These fiber structures were analyzed 
by a suitable X-ray method. 


Experimental Procedure 


Repeated attempts were made in the present investigation, with the 
cooperation of R. L. Wilcox, to produce a condition in rolled copper-zinc 
alloys similar to that obtained by Mehl and Barrett. The experiment 
was unsuccessful, since it proved to be impossible to detect the diffraction 
pattern of thee precipitate. This lack of sensitivity was due, probably, to 
the small concentration of precipitate in these alloys. 

Attempts with polycrystalline metal having failed, some experiments 
with single matrix crystals were tried. A crystal displaying plates of 
segregate in the plane of polish was selected for study (Fig. 2). An 
oscillating crystal pattern was taken, using filtered molybdenum charac- 
teristic X-rays with the matrix crystal oscillating about a normal to a 
(11.0) plane. Upon the equator line were recorded X-ray reflections from 
(10.2), (10.3), (10.4) and (10.5) planes of the matrix and (10.2) and (10.3) 
planes of the segregate. 

On the assumption that the two reflections from the segregate came 
from the same orientation of e crystals, the evidence would indicate that 
a normal to a (11.0) plane in each of the reflecting ¢« crystals is parallel 
to a normal to a (11.0) plane of the matrix. However, since six groups of 
crystals of unknown orientation are present, it is not possible to be 
certain of the correctness of this assumption.'* 

In the theoretical discussion that follows, it appears that the above 
assumption is probably correct, since with its aid a logical and reasonable 
picture of the relation between segregate and matrix is developed. 


Theoretical Discussion 


R. F. Mehl and his coworkers have proposed and offered experimental 
evidence to support the theory that the formation of segregate plates 
requires the atomic arrangement and interatomic distances on the mutual 
planes of separation of matrix and segregate to be very similar. On the 
basis of this theory and on the assumption that the closest packed direc- 


14Tn order to obtain definite evidence to uphold this assumption, the stationary- 
oscillating film method was tried, but met with failure. These attempts were unsuc- 
cessful since the reflections from ¢ were not recorded on the oscillating film. In this 
method of X-ray examination, the reflected rays are always sharply recorded on the 
stationary film but usually are diffusely recorded on the oscillating film owing to lack 
of perfection in the crystal. In the present case sharp records on the oscillating film 
require, in addition to perfection of the matrix crystal, perfection in the mutual 
orientation of cooperating plates of segregate. Since the reflections from the « plates 
were initially weak, a tendency toward diffuse registry on the oscillating film left no 
detectable record. 


=> 
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Fig. 13.—ATOMIC ARRANGEMENT IN PLANES OF FORM (10.4). 
Dimensions 
h 
Apa A | B | c | D | E | F | G | H 
” 10.45A | 2.664 1.332 6.112 2.038 8.130 | 1.081 
€ 10.49 2.762 1.381 6.123 2.181 8.304 : 0.982 


Fic. 14.—STEREOGRAPHIC PROJECTION OF A MATRIX CRYSTAL WITH SIX SEGREGATE 


CRYSTALS. 
© Projections of matrix planes. 
X Projections of segregate planes. 
® Projections of coincident matrix and segregate planes. 
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tions in the two crystals are in common, a (10.4) plane of e was considered!® 
to be the one most probably parallel to the (10.4) segregation plane of 
the matrix. 

The atoms in either (10.4) plane are disposed on a rectangular net- 
work, successive layers of these planes being built up in a similar manner 
in each phase. Fig. 13 shows the atomic arrangement in these two 
phases as plan and elevation views on a (10.4) plane, showing four layers 
in each figure. The table of interatomic distances accompanying Fig. 13 
shows the close agreement between these two planes. No attempt has 
been made to distinguish between copper and zinc atoms on this diagram, 
since the two kinds of atoms are considered to be disposed at random in 
either phase. 

Assuming that a (10.4) plane of each crystal is parallel to a (10.4) 
plane of the other and that the two crystals have a closest packed direc- 
tion in common, there are two possible mutual orientations. The one 
orientation places the principal or trigonal axes of the two crystals at 
4° to one another and the other orientation makes this interaxial angle 
52°. The experimental conditions under which each phase gave rise to 
the oscillating crystal pattern, previously discussed, indicates that the 
former orientation is alone possible. 

A stereographic projection of a single matrix crystal with its six 
hypothetical orientations of segregate is shown in Fig. 14. 


MECHANISM OF SEGREGATION 


A mechanism for the separation of the e phase can be readily hypo- 
thesized on the basis of the suggested crystallographic solution of the 
segregate structure. The e phase has a higher copper content than the 
n phase and the differences in interatomic distances shown in Fig. 13 
are fundamentally due to the different space requirements or atomic sizes 
of copper and zinc. When, owing to the migration of atoms within an 7 
crystal, the concentration of copper atoms becomes high at one point, the 
atoms will assume or tend to assume the atomic arrangement ine. If 
the conditions of concentration and temperature are suitable, this very 


16 The selection of the (10.4) plane of ¢« as the plane of separation in common with 
the (10.4) plane as 7 is the only one that is in agreement with the theory of R. F. Mehl 
and with the generalization of C. H. Mathewson and D. W. Smith. The former 
requires a similarity of the conjugate planes in atomic arrangement and interatomic 
distances and the latter requires each of the two planes to contain the closest packed 
directions of atonis of the two lattices. Atomic planes in e which have atomic packing 
density within 20 per cent of that of the (10.4) plane of » are (12.1), (12.0), (20.3), 
(10.4), (20.1), (11.2) and (10.3). In only three cases, (12.0), (10.4) and (11.2), does 
a rectangular arrangement of atoms exist (as in (10.4) of 7), and of these three only 
the (10.4) is even approximately similar in dimensions to the (10.4) plane of ».  Fur- 
thermore, among these three planes only the (10.4) plane contains the closest packed 
string of atoms. 
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small aggregate of atoms disposed on the « arrangement will remain 
stable and may serve as a nucleus for further segregation at that point. 
The influence of the orientation of the parent crystal on that of the 
segregate is readily seen. No complicated atomic movements are required 
to go from one lattice to the other, the only requirement being a high 
enough temperature to allow atoms to migrate within their own lattice 
to produce momentarily high concentrations of copper atoms. 


SUMMARY 


The segregate structures that may be formed when the e phase 
precipitates from the 7 solid solution of copper in zine have been studied 
crystallographically. 

’ The segregate forms as distinct plates parallel to matrix planes of 
the form {10.4}. 

From theoretical and experimental considerations the orientation of 
the segregate relative to the matrix has been hypothesized. The sug- 
gested orientation is such that: (1) a (10.4) plane of the segregate is 
parallel to a (10.4) plane of the solid solution matrix; (2) the closest 
packed directions in the two planes, which are at the same time directions 
of closest possible atomic packing in this type of lattice, are coincident; 
and (3) the principal axes of the segregate crystals are at 4° to the principal 
axis of the parent matrix crystal. 

A mechanism for the segregation phenomenon has been suggested. 
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DISCUSSION 
(Frederic EH. Carter presiding) 


W. P. Davey, State College, Pa.—It is a pleasure to point out that the careful 
work of these authors has furnished us with a most valuable confirmation of certain 
theories of the nature of the crystalline state. These theories go back in their origin 
to early work on the intensities of X-rays diffracted by crystals, and finally lead to 
Zwicky’s formal statement of the bi-plane theory. 


R. F. Ment, Pittsburgh, Pa. (written discussion).—This competent work is a 
welcome addition to studies on the crystallography of the formation of segregate 
structures, for though segregate structures of the Widmanstitten type from hexagonal 
matrix lattices have been observed previously, this is the first analysis of structures 
formed from such lattices. 

It is interesting to note that the plates of the « phase do not form on the densest- 
packed plane of the hexagonal lattice. The analysis of lattice similarities performed 
by the authors fortifies much of the present theory of the formation of these struc- 
tures, for theory does not predict that the plane should be the densest, but merely 


(DISCUSSION 


to the conjugate plane in the segregate. The comparison between 
0.4} plane in the matrix, demonstrated by the authors as the plane of segre- 
ation, with the various planes in the segregate is reassuring, but I think that the 
__ theoretical aspects of the problem would be most completely served by a comparison 
Rs of each of the important planes in the matrix with each of the important planes in 
___ the segregate, in order to show that of all possible cooperating planes in the two 
lattices the two selected fulfill the theoretical requirements most satisfactorily. This - 
__would be a tedious task, but might be fairly easily done with the help of shadows cast * 
__ by lattice models, which would permit a rapid plotting of atom projections like that ~: 
_ shown in Fig. 13. 

The two possible orientations of segregate lattice upon the (10.4) plane of the 
matrix, discussed on page 127, are particularly interesting. The one orientation, in 
which the trigonal axes of the two crystals are at an angle of but 4° from one another, 
represents an orientation, apparently into which the matrix atoms move with a 
minimum amount of atom displacement. The other orientation, in which the trig- 
onal axes are at 52°, represents an orientation bearing a twinlike relationship to the 

a matrix lattice; a much greater atom movement or rearrangement would be necessary 
, to produce this orientation. The authors believe that they have shown the first 
orientation alone to be possible. We see here, then, that the postulate of least atomic 
movement or rearrangement, proposed as general in the formation of Widmanstatten 
figures, is confirmed. 

> The paper by Mathewson and Smith!* might well be Conanicred | in connection with 
the present work. That directions play an important part in determining the 
orientation of the segregate lattice cannot be doubted. Matching of directions upon 
conjugate planes determines the number of orientations of segregate upon a single 
matrix plane, as we have found for the precipitation of ferrite from austenite in hypo- 
eutectoid steel. J am inclined to doubt, however, that the most densely packed 
directions determine the plane of segregation. If we accept the hypothesis that the 
conjugate planes are those most nearly alike in the two lattices, and if we add the 
postulate that the transformation will, when possible, take place by atom movement 
or rearrangement on simple, low index planes, since in this case the atom movement or 
rearrangement is relatively more simple, we may see the reason for the fact that the 
conjugate planes usually contain close-packed directions. Inspecting the first 22 
most densely packed planes in the face-centered cubic lattice in order of decreasing 
density, we find that the close-packed direction [110] occurs in four of the first five 
planes, in one of the second five, in one of the third, and in one of the fourth; a similar 
inspection of 32 planes i in the body-centered cubic inttice shows that the iowecpasket 
direction [111] occurs in three of ‘the first five planes, in one of the second five, in none 
of the third, in one of the fourth, in none of the fifth, and in one of the sixth. As 
might well be expected, the close-packed direction in a lattice occurs more frequently 
in the more densely packed planes than in the less densely packed. Accordingly, if 
simple planes are chosen for segregation, the chances are good for these planes to 
contain the densely packed direction. If planes of higher index are chosen—which 
| we may expect when the precipitate lattice is one of low symmetry—the chances are 
poor; this is the case for the precipitation of Fe4N from the solid solution of nitrogen 
, in @ iron occurring on the {210} plane in a@ iron which does not contain the close- 
packed direction [111]. In such a case the most closely packed directions on the 
conjugate planes would probably prove on analysis to be parallel, though the direction 
in the matrix plane cannot be the most densely packed direction in the lattice and that 
in the precipitate plane may not be. From this point of view, closest packed directions 
play no primary part in the selection of conjugate planes. Their usual, though not 


16 Reference of footnote 1. 


- ; < 
_ sharply defined on the stationary film. In commenting upon this observ t 


F. N. Rutus, New Haven, Conn. (written d 
authors say that the X-ray reflections from particles of ine precip’ 
not recorded on the oscillating film of the Davey-Wilson camera, 


appear to have said that it could be accounted for either by a lack of pe 
(I presume that they mean the presence of distortion) in the crystals, or by a 
agreement in the mutual orientations of similarly oriented plates of the segregate. 

Do the authors consider that a distortion of the crystal lattices sufficient to obli 
ate the record on the oscillating film would at the same time be recognizable b 
lack of definition in the spot on the stationary film? If so, and if no such lack 
definition was noted (that is, if the spots on the stationary film resulting from the 
parent and segregated phases were equally well defined), the absence of the spots on 
the oscillating film must be due to the second cause; namely, a real spread among the | "a 
orientations of the lattices of the individual particles of the precipitate. 

Such a conclusion is in agreement with the spread in the directions of the ine 
of the precipitated plates recorded in Figs. 5 to 8 inclusive. In these plots the — 
measured directions seem to vary at least as much as +5° from the mean value, 
giving a total spread of 10° for each group of plates. This would be ample to account 
for the obliteration of the X-ray spots on the oscillating film, since it would spread ~ 
the radiation over an arc of about 20° on the film. neu 

This observation, if correct, lends weight to the suggestion, previously made by ~ 
Dr. Mehl, that the orientation of the precipitating phase is determined by the registry ~ 
of its atoms with those of the parent crystal in the very early stages of the precipi- __ 
tation only. Thus the existence of a considerable spread in the orientation of the __ 
segregated particles seems to indicate an independence of their structure from that — 
of the parent crystal during the greater part of their growth. A spread in the orienta- 
tions of the original nuclei of the precipitate is easily understood, because they would ; 
be influenced by localized irregularities in the lattice of the parent crystal, which 
could probably have a much greater angular magnitude than could distortions of the 
crystal as a whole. Incidentally, such a condition is required by the theory of . 
‘‘pre-precipitation hardening.”’ 
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Rate of Precipitation of Nickel Silicide and Cobalt 
Silicide in the Hardenable Copper-nickel-silicon 
and Copper-cobalt-silicon Alloys 


By Curtis L. Witson,* Butte, Mont., Horace F. Siruman,}t WatTersury, Conn., 
AND EvuGEene C. Lirtie,t Burrs, Monr. 


(New York Meeting, February, 1933) 


From the results of his investigation of the hardenable copper-nickel- 
silicon and copper-cobalt-silicon alloys, M. G. Corson! explained the 
dispersion-hardening effect by assuming the precipitation of the inter- 
metallic compounds nickel silicide and cobalt silicide, and on this basis 
he constructed diagrams for the pseudobinary systems copper-nickel 
silicide and copper-cobalt silicide. 

A consideration of these diagrams and of the factors that exert 
such an important influence upon the rate of precipitation, such as degree 
of supersaturation, nucleus number and rate of diffusion, leads to the 
expectation that the rate of precipitation of the silicides on reheating 
the quenched solid solutions at temperatures below the alpha-phase 
boundary should increase continuously as the reheating temperature 
is raised. The present investigation shows that while this rate does 
increase with the reheating temperature in a general way, it does not do 
so continuously. Supplements to Corson’s diagrams are offered, show- 
ing the discontinuities, and slight modifications in the solubility curves 


are suggested. 


EXPERIMENTAL PROCEDURE 


Alloys were prepared by melting together the required amounts of 
electrolytic copper,’ silicon,’ shot nickel* and cobalt,’ in covered graphite 
crucibles in a carbon resistance furnace, the copper being brought first 
into the liquid condition and the silicon and nickel or cobalt added in 
the proportions to produce NisSi or Co.S8i. Chemical analyses were 


* Professor of Metallurgy, Montana School of Mines. 

+ Assistant Metallurgist, American Brass Co. 

t Research Fellow in Metallurgy, Montana School of Mines. 

1 Proc. Inst. Met. Div., A.I.M.E. (1927) 485-450. Rev. de Mét. (1930) 27, 83-101, 
133-153, 194-213, 265-281. 

2 From Anaconda Copper Mining Co. 

3 From Electrometallurgical Sales Corp. 

4 From International Nickel Co. 

5 From Central Scientific Co: 
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made on all alloys to confirm these proportions. The molten metal 
was held at 1350° C. for 40 min., cooled to 1200° C., cast into molds 
machined from blocks of graphite, and chilled as soon as solidified. 
The cast billets were hammered and either passed through a set of hand 
rolls or drawn into wire through steel dies. 

The heat treatment of both sheet and wire consisted of quenching 
the alloys from a temperature within the homogeneous alpha field and 
then reheating for various lengths of time at temperatures below the 
solubility boundary. Microscopic examinations were made to ascertain 
that the specimens had been held long enough at the quenching tempera- 
ture to insure complete solubility of the silicides. A slightly reducing 
atmosphere was maintained so that all quenched and annealed specimens 
were bright and clean. 

Hardness tests were made on the Rockwell machine type 214 H, 
using the B scale, 14¢-in. ball, 100-kg. load, following the technique 
proposed by Townsend, Straw and Davis.° The resistance measurements 
on the nickel silicide alloy were made at 20° C. with a Wheatstone bridge. 
On the cobalt silicide alloys the measurements were made in the furnace 
at the temperature of annealing by means of a Leeds & Northrup type Kk 
potentiometer, the resistance being calculated from the IR drop and the 
milliammeter reading. Inasmuch as the rate of precipitation as indicated 
by the change in resistance was the phenomenon upon which evidence 
was sought, all resistances were measured or calculated in ohms arbi- 
trarily for the wire being tested, without any attempt at determining 
specific resistances. 


PRECIPITATION OF NICKEL SILICIDE 


The solid solution obtained by quenching the nickel silicide alloys from 
temperatures in the alpha field has, of course, a rather high electrical 
resistance. Reheating at temperatures below the alpha-phase boundary 
brings about the precipitation of nickel silicide and the resistance is 
thereby decreased. The rate at which the precipitation takes place is 
indicated by the resistance measurements shown graphically in Figs. 1 
and 2, which show that the rate of decrease of the electrical resistance 
becomes greater as the reheating temperature rises, up to a certain point. 
This point is around 500° C. for the 2 per cent Ni.Si alloy and around 
600° C. for the 5 per cent alloy. Above these temperatures a decrease in 
the rate of precipitation appears. As shown in Fig. 1, the slope of the 
550° curve during the first few hours is not as steep as that of the 500° 
curve; in other words, the rate of precipitation of the Ni»Si from solution 
is less at a reheating temperature of 550° C. than it is at a reheating 
temperature of 500° C. Similarly in Fig. 2, the slope of the 750° curve 


* Amer. Soe. Test. Mat. Preprint 46 (1929). 
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is less than that of the 600° curve, indicating a similar decrease in the rate 
of precipitation at the higher of the two reheating temperatures. 

Were the decreased rate of precipitation at higher temperatures due 
entirely to a lesser degree of supersaturation, in Fig. 1 the rate at 650° C. 
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Fig. 1.—CHANGE IN ELECTRICAL RESISTANCE ON REHEATING COPPER + 2 PER CENT 
NiSt. QUENCHED FROM 700° C. REHEATED AT TEMPERATURES INDICATED. 


would be less than at 550° C. The fact that the 650° curve has a steeper 
slope than the one for 550° suggests the possibility of another transforma- 
tion in Corson’s a+Ni,Si field. 
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Fria. 2.—CHANGE IN ELECTRICAL RESISTANCE ON REHEATING COPPER + 5 PER CENT 
NiS1. QuENcHED FROM 900° C. REHEATED AT TEMPERATURES INDICATED. 


Therefore specimens were reheated at a number of temperatures below 
the alpha-phase boundary and two temperature limits found for each of a 
series of alloys of various compositions, between which limits the electrical 
resistance changed markedly. This difference in resistance amounted to 
as much as 15 per cent, and could be noted easily, regardless of whether 
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TABLE 1.—Variations in Resistance 


; Change in Resistance 
Heat Treatment maneavenrha j 
| Ohm Per Cent 
1. Copprer + 2 Per Cent NieSi 
Menched from 700% eae am cek ot eaten are oe rea 0.197 
Heed at 350° to 450° for 40 hr.............+..-. 0.136 —0.061 —31.0 
2 Re Ae ee 0.148 +0.012 + 8.1 
Raised to 600° for 30 min.. 
e TI hoacs ac ota a eee ee 0.119 —0.024 —16.3 
Heated at 500° for 30 min............. 
Heatedat550° for 30) mime. oe eee eee eee 0.131 +0.012 +10.1 
Hieatedcatio2p° Lor | bsmin nee aie eee en etere tens 0.121 —0.010 — 7.6 
2. Copprr + 3 Per Cent Ni2Si 
Quenched from S002. .cere aes ee ee eee eee 0.237 
Heated at 500° for 12) hr......-.. 22... . 1-4. - ee. 0.119 —0.118 —49.6 
Heated at 600° for 30 min................-....-. 0.140 +0.021 +17.8 
leated atta 50- £Or to Oia renter teeta 0.132 —0.008 — 5.7 
Heated at) 565° for 30min.) ya. - se ae eres ee 0.127 —0.005 — 3.8 
Heated at 685° for d0)min-4.2- 5-5-2 - oe eee Ons! +0.004 + 3.1 
3. Copppr + 4 Per Cent Nissi 
Quenched from 850°. . oes attic taectes west ea tae 0.298 
Hicatediat b2b0 cord op birt ak ee a eee 0.160 —0.138 — 46.3 
Heated at 685° for 30 mMin....................... 0.194 +0.034 = CS 
Heated at 6252 for a0 amin ay na)ae ee eee 0.164 —0.030 Sans 
Heated at 650° for 30: min..............5-...-055 0.176 +0.010 of 
4. Copppr + 5 Per Cent Nisdi 
Quenched from 9O00°Ri sae snes cena een ore 0.358 
Heated! ati 5262 for 2 hr. awe eee 0.173 —0.185 —51.7 
Heated at 650° for 80 min. .....-+.--s-se+ ts snes 0.174 +0.001 00.0 
Heated at. 7002 for.SO:min; asa eee ee ee 0.200 +0.026 +15.0 
Heated -at)675° for 30 mins ne ce arenes mene 0.183 —0.017 — S78 
| 
5. Coprppr + 6 Per Cent NidSi 
Quenched from900°- fi. & unseen nies ere eens 0.391 
Heated at 650° for 10 Hine Screen osu. sw Skeee tcc se | 0.223 —0.168 — 43.0 
Heated at 700° for 25 min 0.255 +0.032 +14.9 
Heated at 640° for 45 min 0,224 —0.031 —13:.9 
Heated at 675° for 30 min 0.238 +0.014 + 5.8 
6. Copppr + 7 Per Cent NioSi 
Quenched from 975°. 0.441 
Heated at 450° for 8 hr... site apt Mea Pacha at Se, ER nS 0.177 —0.234 — 53.0 
Heated at 650° for 30 min. JE bc Eon ae mere 0.184 +0.007 + 4.0 
Heated at'625% for SO)mans: se eee eee 0.166 —0.018 —10.8 
Heated iat. 700° for 15 min... ......sns arene on 0.206 +0.040 +24.1 
7. Copprr + 8 Prr Carr NisSi 
Quenched from 1000°... 0.398 
Heated at/476° for LS hrm a enema ne 0.162 — 0.236 —53.0 
Heated at 550° for 30 WOU caer cetera 0.160 —0.002 Epa lea 
Heated at 625° for 15 min.................. Rate: 0.186 0. ; 
5 : ‘ +0.026 +14.0 
Heated at 575° for 15 Mites. 9. Semen vane 0.160 —0,026 =a 
8. Coprprr + 9 Per Centr NisSi ; 
Quenched from 1025°. «sissies sence RRR 0.440 
Heated at 425° for 18hr.............. ale eaeee 0.144 —0.296 —67.0 
Heated at 525° for 30 min........,. igen 0.14: —0.00: Se 
5 nor 1 Sou 142 0.002 1.5 
Heated at 575° for 15 min........... ; oc hoe 0.158 -++-0.016 +10.0 
Heated at 540° for 30 min......... ; ila 0.158 0.000 0.0 
Heated at 526° for 10 min.................0800. 0.151 —0.007 = 46 
a 
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the specimens were heated from the lower to the higher temperature or 
cooled from the higher to the lower. Inasmuch as the resistances were so 
delicately dependent upon temperature, decreasing with increased reheat- 
ing temperature and increasing with decreased temperature, it was 
assumed that real equilibrium had been attained. Furthermore, as the 
rates of change were so obviously abrupt within the temperature limits 
determined, the differences were not ascribed to alternate precipitation 
and solution of nickel silicide. 

Table 1 gives examples, which were reproducible, of how the resist- 
ances varied back and forth. In Fig. 3 the values tabulated in the 
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Fic. 3.—SYSTEM COPPER-NICKEL SILICIDE AS MODIFIED. 


tables are plotted in the a+ Ni,Si field of Corson’s diagram, and a curve is 
drawn to separate the phase of distinctly higher resistance from that of 
lower resistance. Over a period of months, no appreciable precipitation 
of Ni,Si, as indicated by a change in electrical resistance, took place at 
room temperatures. 

The discontinuities in the rate of precipitation as recorded by the 
resistance measurements were studied by means of microscopic examina- 
tions, using Vilella’s reagent’ as an etchant. The specimens shown in 
Figs. 4, 7, 10 and 13 were quenched from the homogeneous alpha field. 
The alloy with 8 per cent Ni.Si (Fig. 13) contained more of the compound 
than could be driven into solution under the conditions maintained. 
Figs. 5, 8, 11 and 14 represent the specimens that were reheated, following 


7 Sat. KoCr2Q7 solution plus HCl. 


Fras. 4-15.—Caprtions ON OPPOSITE PAGE. 
Read left to right on each line’for order of figure numbers. 
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quenching, to a temperature below the alpha-phase boundary but above 
the line ABC in Fig. 3. The precipitation of Ni,Si is evident in Figs. 8, 
11 and 14, but not so evident in Fig. 5, owing probably to the small 
amount of the compound present or to the submicroscopic dispersion. 
Figs. 6, 9, 12 and 15 show specimens that were reheated to temperatures 
below the line ABC in Fig. 3. The structure of these alloys differs 
sharply from that of the alloys reheated at a somewhat higher tempera- 
ture, and it is believed that another transformation takes place along the 
line ABC of Fig. 3. This transformation may be an allotropic one or a 
change in the solubility forming a new eutectoidal constituent. 

The hardness of the heat-treated alloys was found to depend upon the 
percentage of nickel silicide present, the quenching temperature, the 
temperature of reheating the quenched specimens, and the length of time 
during which the specimens were held at the reheating temperature. The 
change of hardness with time of reheating is shown for the 2 and 5 per 
cent alloys in Figs. 16 and 17. These curves confirm those obtained by 
resistance measurements to the effect that the higher the reheating tem- 
perature, the more rapid is the rate of precipitation of nickel silicide. A 
discontinuity in the increase in rate of precipitation is noted between 
600° C. and 650° C. for the 5 per cent alloy. The decrease in hard- 
ness after certain maxima have been reached will be recognized as due 
to coagulation. 

It is known that the Rockwell hardness of copper alloys is more or 
less inversely proportional to the grain size, and that the grain size in 


TaBLE 9.—E ffect of Quenching Temperature on Hardness 
Copper + 2 per cent Ni.,Si quenched from various temperatures after 70 per cent 
reduction by cold rolling 


QUENCHING TEMp., RockwELL HARDNESS, 
Dee. C. 60 Ka. 
700 67 
800 57 
900 53.5 
1000 51 


turn is a function of the temperature from which the alloy is quenched. 
This was found to be true for the copper-nickel-silicon alloys investi- 


Figs. 4-6.—Corprr + 2 PER CENT NiSrt. QUENCHED FROM 900° C. X 200. 
Fig. 5 REHEATED AT 600° C. 
Fia. 6 REHEATED AT 500° C. 
Figs. 7-9.—Corpmr + 4 per cent NioS1. QuENCHED FROM 900° C. xX 200. 
Fic. 8 REHEATED AT 750° C. 
Fig. 9 REHEATED aT 500° C. 
Fras. 10-12.—Corrrr + 6 ppr cent NioSi. QuENcHED FROM 1000° C. xX 200. 
Fie. 11 REHEATED AT 750° C. 
Fic. 12 REHEATED AT 500° C. 
Fries. 13-15.—Copprr + 8 por cent Ni,St. QuENcHED FROM 1000° C. X 200. 
Fie. 14 REHEATED AT 750° C. 
Fig. 15 REHEATED AT 500° C. 
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Fiq. 16.—CHANGE IN HARDNESS ON REHEATING COPPER + 2 PER CENT N1.Si. 
QUENCHED FROM 900° C. REHEATED AT TEMPERATURES INDICATED. 
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Via. 17.—CHANGE IN HARDNESS ON REHEATING COPPER + 5 PER CENT NIST. 
QUENCHED FROM 900° C, REHEATED AT TEMPERATURES INDICATED. 
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Fie. 18.—Errecr or QUENCHING TEMPERATURE ON HARDNESS; COPPER + 2 PER CENT 
NwSt. QUENCHED FROM TEMPERATURES INDICATED, REHBATED AT 600° C, 
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Fig. 19.—CHANGE IN ELECTRICAL RESISTANCE ON REHEATING COPPER ++ 2 PER CENT 
Co.S1. QUENCHED FROM 970° C. REHEATED AT TEMPERATURES INDICATED. 
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. Fre. 20.—CHANGE IN ELECTRICAL RESISTANCE ON REHEATING COPPER + 4 PER CENT 
| Co.81. QuENCcHED FROM 970° C. REHEATED AT TEMPERATURES INDICATED. 
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Fia. 21.—CHANGE IN ELECTRICAL RESISTANCE ON REHEATING COPPER ++ 5 PER CENT 
Co.St. QUENCHED FROM 970° C. REHEATED AT TEMPERATURES INDICATED. 
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Fig. 22.—CHANGE IN HARDNESS ON REHEATING COPPER + 2 PER CENT Co>S1. 
QUENCHED FROM 930° C. REHEATED AT TEMPERATURES INDICATED. 
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l'ia. 23.—CHANGE IN HARDNESS ON REHEATING COPPER + 4 PER CENT Co-Sr. 
QUENCHED FROM 970° C. RBHEATED AT TEMPERATURES INDICATED. 
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Kia. 24.—CHANGE IN HARDNESS ON REHBATING COPPER + 5 PER CENT Co.SI. 
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gated here, as shown in Table 9, where the hardness decreased with rising 
temperature. The time of annealing and the quenching temperature 
were such that all of the nickel silicide was in solid solution. 
That the quenching temperature has a decided influence upon the 
precipitation hardness obtainable by reheating the quenched specimens 
is shown likewise by Fig. 18. The maximum hardness evidently can be 
attained by quenching from just above the alpha-phase boundary. Fig. 
18 indicates that the quenching temperature seemed to have no effect 
upon the rate of precipitation, for the maximum hardness was attained 
after the same reheating time for both quenching temperatures. 


PRECIPITATION OF COBALT SILICIDE 


The rate of precipitation of cobalt silicide from the quenched solid 
solutions, as measured by the change in electrical resistance, is shown in 


a 
. 
: 


Fig. 25.—Coprpr + 4 pper cENT Co.S1. QUENCHED FROM 980°C. &X 300. 
Frq. 26.—Corrmr + 4 per cent Co.8i1. QUENCHED FROM 910°C. & 300. 
Fig. 27.—Coprer + 5 PER CENT CooSt. QUENCHED FROM 980° C.  X 300. 
Fia. 28.—Corrrer + 5 PER CENT Co.S1. QUENCHED FROM 910° C. X 300. 


Figs. 19 to 21. The increase in resistance after a decrease to a minimum, 
as noted in Fig. 19 at a reheating temperature of 670° C. and in Fig. 21 
at 730° C., is attributed to grain growth.® 

Had the rate of precipitation increased continuously with increasing 
reheating temperature, the slopes of the curves would have increased 


8 Credner: Ztsch. f. physik. Chem. (1913) 82, 457. 
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continuously for each increased temperature. Discontinuities in the 
slope, and therefore in the rate of precipitation, occur after 10 min. 
between 500° and 670° C. for the 2 per cent Co,Si alloy, between 540° 
and 600° C. for the 4 per cent alloy, and between 510° and 630° C. for the 
5 per cent alloy. 

The change in hardness as an indication of the rate of precipitation is 
shown in Figs. 22 to 24. Discontinuities occur in these curves between 
500° and 540° C. for the 2 per cent alloy and between 580° and 650° C. 
for the 4 per cent alloy. 


SoLUBILITY OF COBALT SILICIDE 


Microscopic examination of the cobalt silicide alloys containing 4 
and 5 per cent Co2Si, which had been quenched from 980° C., showed a 
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Temperature 


aerate after Corson, 1927. 


as modified 
xx Co,Si. present 


eo homogeneous solid solution, 
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2 3 a 
Per Cent Cobalt Silicide 
Fra. 29.—SyYSTEM COPPER-COBALT SILICIDE. 


homogeneous solid solution, even at magnifications as high as 2600 dia. 
Quenching from 910° C., however, produced specimens in which the par- 
ticles of Co.Si were visible. From the photomicrographs in Figs. 25 to 28 
the solubility curve of Fig. 29 is suggested. . 


The Rate of Precipitation of Nickel Silicide and Cobalt 
Silicide in the Hardenable Copper-nickel-silicon and 
Copper-cobalt-silicon Alloys* 


By Curtis L. Witson,t Burrs, Monr., Horace F. Sinuman,t WaTersury, 
Conn., AND EvGENs C. Lirtiz,§ Burrs, MonTana 


(New York Meeting, February, 1933) 


ABSTRACT 


Tue change in electrical resistance and Rockwell hardness (16-100-B) 
of copper alloys containing Ni,Si and Co.Si was determined by annealing 
the quenched solid solutions at various temperatures for various lengths 
of time. The rate of precipitation of Ni,Si, as measured by the rate of 
decrease of electrical resistance and increase of hardness, increased with 
annealing temperature up to a certain point, depending on the percentage 
of NiSi present. At these temperatures discontinuities in the rates of 
change occurred. Similar discontinuities in the Co.Si alloys were noted. 
The solubility of Co.Si in copper was found to be 5 per cent at 970° C. 


DISCUSSION 
(Robert F. Mehl presiding) 


R. F. Ment, Pittsburgh, Pa. (written discussion).—The electrical conductivity and 
hardness curves reported in this paper are interesting, particularly because many 
of the anomalies of the precipitation processes are evident from such curves. The 
title of the paper, however, is deceptive, for it implies that measurements of electrical 
conductivity and hardness are suitable to determine the rate of precipitation. Neither 
of these methods is suitable for a quantitative measurement of rates of reaction or of 
precipitation in the solid state. Electrical conductivity in some alloys shows an 
anomalous increase during the first stages of aging at low temperatures; it is notably 
sensitive to strain and to state of subdivision. I have plotted the conductivity curve 
representing the decomposition of the 6 phase at 555° C. in the copper-aluminum 
system, given in the paper by Smith and Lindlief (Fig. 47, p. 93) as a rate of reaction 
curve, and compared it with the curve determined by area evaluation (Fig. 7); these 
two curves are not coincident. Hardness is likewise very uncertain, for it is so much 
dependent upon particle size. 

Of the various methods proposed for the study of rates of reaction and precipita- 
tion, the evaluation of volume of reaction product from the respective area of matrix 
and reaction product on the photomicrograph is the most trustworthy; suffering, 
perhaps, only from low sensitivity during the early stages. This method, used 
originally by Davenport and Bain and now by Smith and Lindlief, is suitable for 


* This paper is available at the office of the Institute as Contribution No. 11. 
+ Professor of Metallurgy, Montana School of Mines. 
{ Assistant Metallurgist, American Brass Co. 
§ Research Fellow in Metallurgy, Montana School of Mines. 
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eutectoid transformations, but is of little use for precipitation from solid soluti 
the type studied by Wilson, Silliman and Little, because the microscope is deceptive 
when used to evaluate areas in systems of this sort. The area method has the further 
distinct advantage of being an absolute method, not a difference method. The - 3 
dilatometric method, though a difference method, in general is satisfactory. Its _ 
usefulness depends, of course, on the difference in volume in the system before and’ 
after transformation, and when this difference is small the method loses sensitivity. 
For some alloys, particularly austenitic alloy steels, certain magnetic properties may 
be used in evaluating the extent of transformation, as Wever recently has done for 
chromium steels. In this case it seems fairly certain that the property measured is 
directly proportional to the amount of the ferromagnetic ferrite formed. Next in 
order of trustworthiness come electrical conductivity and hardness. In both these 
cases the interpretation of changes in properties into degree of transformation or 
precipitation depends on the assumption of some functional relation between the 
property measured and the degree of transformation; this functional relationship is 
in general unknown. When measurements of electrical conductivity and hardness are 
made, it is better merely to state that such measurements have been made during 
the progress of the transformation or precipitation process without implying a knowl- 
edge of the undetermined functional relationship of these properties with the degree 
of transformation or precipitation. 

The objections I have raised are not so serious when the measurements are made 
at high temperatures, since the observed anomalies in these properties are not so 
pronounced then, but in the absence of a demonstration of the functional relation- 
ship the use of these properties to determine rates of precipitation is unjustified. 


C. S. Srv, Newark, N. J. (written discussion).—The authors have brought out 
one or two interesting points in the age-hardening of the copper-nickel silicide alloys. 
The variations in rate of precipitation in Figs. 1 and 2 are of great interest and show 
that the mechanism of the reactions is not as simple as that suggested by Corson.! 

However, I feel that the paper is not complete. There is a portion that needs 
to be amplified considerably. The statement is made that ‘‘the quenching tempera- 
ture has a decided influence on the precipitation-hardness obtainable by reheating 
the quenched specimens.”” In support of this statement two curves are presented 
in Fig. 18, which show a variation of age-hardening in specimens of an alloy of copper 
with 2 per cent Ni2Si quenched from 700° C. and 900° C., and both reheated at 600° C. 
Now, Fig. 16 shows that in the case of the 900° C. quench, 600° C. is not the optimum 
reheating temperature but is actually the most unfavorable temperature of the three 
reported. No curves are included showing the effect of reheating at various tempera- 
tures of specimens quenched from 700° C. To support a statement of the nature 
of that quoted above, such curves should be presented and the reheating temperature 
should be comparable in each series; that is, the optimum reheating temperature 
should be chosen for each quenching temperature. 

If dispersion hardening is considered to be the true mechanism of age-hardening 
there seems to be no reason why the quenching temperature should affect the maxi- 
mum hardness obtainable on aging, unless the hardness after aging is the sum of the 
hardness due to grain size and that due to the precipitation of Ni»Si. Unfortunately 
the results of the hardness after quenching from various temperatures are given with 
a 60-kg. load while the hardness due to tempering is found with a 100-kg. load. I 
know of no method of correlating these data. It seems possible that the effect of 
quenching temperature on the hardness obtainable by aging may be more upon the 
optimum temperature of aging than upon the maximum hardness obtainable by aging. 


1M. G. Corson: Proc. Inst. Met. Div., A.I.M.E (1927) 435-450; R q 
: ., A.I.M.E. ; Rev. de Mét. 
(1930) 27, 83-101, 1383-153, 194-213, 265-281. sie c 


The Solubility of Gases in Metals* 
By V. H. GorrscHaLK{ AND R. 8. Dean, Wasuineron, D. C. 


(New York Meeting, February, 1932) 


foe _ Tue solubility of gases in metals has been of interest since Graham’s 
time in 1866, but, although the subject was actively studied by iron and ss 


steel metallurgists during the eighties, the era of painstaking laboratory 
investigation begins in 1907 with the publication of Sieverts’! thesis on 
the occlusion and diffusion of gases in metals. Since then, Sieverts has 
worked almost continuously in this field, and his views on the subject 
are the prevailing ones at the present time.? 

Probably the most important result obtained by Sieverts, and fre- 


an 


quently verified since by other observers, is the discovery that at a con-— 


stant temperature the solubility of almost all gases in both the liquid and 
solid state of most of the metals is proportional to the square root of the 


pressure (for pressure above 100 mm.). The obvious explanation of this 
- fact is that the gas dissolves as atoms and not as molecules, although it 


has been pointed out a number of times, first by Donnan and Shaw? in 
connection with their work on the solubility of oxygen in silver at 1075° 
C., that the formation and solution of a compound of the metal and gas 
would also be indicated by a variation of the solubility with the square 
or higher root of the pressure. Sieverts* himself raised the question 
whether the usual explanation (7. ¢., that the gas dissolves as atoms) may 


not be wrong, when he found that the square root law held also for the ~ 


solubility of sulfur dioxide in molten copper; in which case dissociation 
into simpler molecules or atoms does not take place. Stubbs’ subse- 
quently showed that Sieverts and Krumbhaar’s ‘‘constant”’ for sulfur 


~ 


* Published by permission of the Director, U. 8. Bureau of Mines. 
+ Senior Physicist, Metallurgical Division, U. 8. Bureau of Mines. 
-+ Chief Engineer, Metallurgical Division, U. 8S. Bureau of Mines. 

1A. Sieverts and P. Beckmann: Zur Kenntniss der Okklusion und Diffusion der 
Gase durch Metallen. Zisch. f. phys. Chem. (1907) 60, 165. 

2 Thus, Landolt-Boérnstein’s Physikalisch-Chemische Tabellen, Ed. 5, 2, 495-498, 
1931, for the first time includes data on the Absorption and Adsorption of Gases by 
Metals, selected from a tabulation given by Sieverts: Ztsch. f. Metallkunde (1929) 21, 
37. 

3 Donnan and Shaw: Jnl. Soc. Chem. Ind. (1910) 29, 987. 

4 Sieverts and Krumbhaar: Zisch. f. phys. Chem. (1910) 74, 277. 

5 ©. M. Stubbs: The Action of Sulphur Dioxide on Copper at High Temperature. 
Jnl. Chem. Soe. (1913) 103, 1445-1461. 
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dioxide dissolving in copper agreed better with the i: 
variation of the solubility with the 2.4th root of the pres 
an explanation based on measurements of the depression of the 
point. Stubbs summarizes his results thus: 


The depression of the freezing point of copper by dissolving sulphur dioxide was 


found to be about 2.54 times that expected if the molecules of the gas existed unchanged = si bh 


in the solution. This was shown to be explicable on the hypothesis of a partial 
reaction of the sulphur dioxide with the copper. Complete reaction would give three 
times the depression calculated from the formula SO2, and the amount of gas dissolved 
should vary as the cube root of the pressure. ; 

The method of Stubbs is important, but should be studied aes 
chiefly as regards the applicability of van’t Hoff’s formula for freezing 
point depression to molten copper as a solvent. 

In other words, the interpretation of Sieverts’ square-root law and 
especially its application to compound gases needs further study. This 
much is clear, however;—the solubility of gases in metals at high tem- 
perature is a different phenomenon from the solubility of gases in water . 
or in other liquid solvents at ordinary temperatures. This being the 
case, it follows that caution should be used in applying to metallurgical 
reactions involving gases, the quantitative relations that have been 
deduced and proved only for ordinary cases of solubility. 

It is the object of this paper to draw attention to the need for a quan- 
titative theory of the behavior of gases in contact with metals at high 
temperatures. As a preliminary to the experimental work on which such 
a theory must be based, discussion of recent literature of the solubility 
of gases in metals may be of interest. This paper presents: 

1. A computation of the so-called “ideal solubility’? of a gas in a 
hypothetical solvent having the characteristics of molten metal. This 
computation can be made only approximately, but the results may be 
taken as somewhat more definite than the usual statement made by 
physical chemists conversant with solubility relations, that molten metals 
should be very poor solvents for the ordinary gases. 

2. A critical comment on recent work on the absorption of gases by 
hot metals. Much of this work deals with solid metals at temperatures 
not much below the melting point, and has been included because there 
seem to be reasons for believing that the processes of gas absorption just 
above and below the melting point do not differ much, if at all. The 
comments are directed towards indicating points of departure for fur- 
ther study. 

3. An attempt to sbow that, in the absence of a precise theory, 
observed metallurgical phenomena connected with the absorption and 
evolution of gas may be studied advantageously, at least qualitatively, 
on the simple assumption that there is some sort of chemical reaction 
between the metal and the gas. 


ee 


In what ord Bh term Loaner solubility ” is used to mean awe 
was formerly called “physical solubility,’ such as occurs when hydrogen, _ 


oxygen, nitrogen, carbon monoxide or the noble (inert) gases (He, Ar, — 


Ne, Kr and X) dissolve in water at ordinary temperatures. The term 
“simple solubility’? is used to exclude “chemical solubility,” such as 
occurs when ammonia, sulfur dioxide or carbon dioxide dissolve in water; 
and to exclude also colloidal solution or dispersion; and finally, to exclude 
adsorption where there is a sort of quasi-union between the gas and the 


_ surface (so-called “adsorption compound’’); for example, the adsorption 


Carbon monoxide 
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Fic. 1.—SaTuRATION PRESSURE (EXTRAPOLATED). 


of gases on charcoal or finely divided material, or on specially activated 


_metal surfaces. 


This should not be understood to mean that such a classification of 
degrees of chemical combination is actually proposed; it is used here 
because the simpler mass-law formulations of gas-solvent equilibria 
(Henry’s Law or Nernst’s Distribution Law) hold only for ‘simple 
solubility”; in the case of compound formation further consideration is 
required, while adsorption and dispersion do not follow the mass law. 
In other words, the argument is: The absorption of gases by hot metals 
is probably not a case of “simple solubility” and therefore the mass law 
or its equivalents cannot be applied without further justification. 


‘pt 


ple sok solubility 


known, ee to oe the Modis that gases should 
most negligibly slight simple solubility in molten metals at hi 
peratures, and it might be interesting to attempt an estimate of anu 
- limit for this solubility figure. 7 

= The method to be followed in making such an estimate is given ig oo" 
_ Hildebrand, 6 and consists, first, in obtaining the “ideal solubility” by 


plotting log p against = from the data for the saturation pressures of 


the gases, and then extrapolating beyond the critical temperatures to 
| the temperature desired (see pages 32-35 of Hildebrand’s book for details) ; 
: and, second, in correcting for the “internal pressure” by a method similar — 
to the one used by Mortimer? for solids (see pages 113— 116 of Hilde- 
. brand’s book). 

Fig. 1 shows the data for SO. and COs, and the lower extrapolated 
parts of the curves for oxygen, argon, carbon monoxide and nitrogen. = 


At 2 = 0.001 or 1000° K., these lines nearly all intersect at about log , 


= p = 3.60, or p = about 4000. Hence the “ideal solubility” at 1000° — : 
273° = 727° C. of any of the six gases shown on the graph in any molten a 


1 
metal at one atmosphere pressure is 7,7, 000° that is, 1 mol of gas dissolved 


in 4000 mols of metal. (This is almost exactly one-fourth the “ideal 
solubility’’ at 20° C.) 

To correct for “internal pressure,’’ the values from Traube’s calcula- 
tions’ given in the second column of Table 1 were used. 

Methods for calculating internal pressure’? give such widely varying 
results that the choice of the figures of Table 1 rather than some one of 
the other published sets can be justified only on the ground that Traube’s 
table is the most extensive one and the only one giving data sufficient 


‘J. H. Hildebrand: Solubility. Monograph, Amer. Chem. Soc. The Chemical 
Catalog Co., 1924. 

PRES Moline’ Jnl. Amer, Chem. Soc. (1922) 44, 1416; Melting Point, Latent 
Heat of Fusion and Solubility. Ibid. (1923) 45, 633. 

5 Data taken from Landolt-Bérnstein: Physikalisch-Chemische Tabellen (1923) 2, 
Tables 289 and 290. 

As given by W. C. McC. Lewis: Internal Molectbas or Intrinsic Pressure—A 
Survey of the Various Expressions Proposed for Its Determination. Trans. Faraday 
Soe. (1911) 7, 94-115. ; 

‘The absolute values for internal pressures are not known within wide limits. 
See Lewis’ summary quoted above, or Chapter 9 of Hildebrand’s book (footnote 6); or 
R. F. Mehl: Interatomic Forces in Metals and Alloys. Proc. Inst. Met. Div., 
A. I. M. E. (1928) 405-08. 
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: | tye Solubility of Nitrog er 
Internal Ratio of 100 Grams Solvent 
Pressure, Solubility = ; 

Atmospheres to Ideal 

Solubility C.c. (NTP) 


740 1.0000 19.5 
37,700 0.020 2.49 
34,400 0.022 0.25 
125,700 0.0059 0.018 
233,100 0.0032 0.025 
- 279,700 0.0026 0.025 
319,700 0.0023 0.023 


to test the relation between internal pressure and solubility for the list 


of gas solubilities given on page 131 of Hildebrand’s book. For that 
particular series of solubilities ranging from “‘ideal”’ (in a liquid paraffin 
hydrocarbon) with an internal pressure of 740 atm., to water with about 
one-fiftieth of the ‘‘ideal solubility” at an internal pressure of 37,700 atm., 
the solubility coefficients as expressed by Hildebrand are roughly in 


_inverse ratio to Traube’s values for the corresponding internal pressures. 


Extending this simple rule of inverse proportions to the higher internal 
pressures of the metals gives the solubilities shown in column 4 of Table 1, 
expressed as cubic centimeters of nitrogen at normal temperature and 
pressure dissolved in 100 g. of the solvent at the temperature indicated. 

There is no denying that the wide extrapolation in obtaining the 
‘fideal solubility”’ may give an unreliable figure, and that the values 
of the internal pressure are not known with sufficient accuracy to lead 
to even a rough approximation of the solubility correction, and finally 
that making the solubility coefficients inversely proportional to the 
internal pressures rests on an insufficient basis. Nevertheless, it seems 
safe to say that the solubilities for nitrogen in the metals exhibited in 
column 4 of Table 1 (calculated to cubic centimeters of nitrogen per 100 g. 
of solvent, as an example), are still much too large, because, although the 
value 2.4 c.c., obtained for the solubility of nitrogen in water at 20° C. 
is at least of the same order as the actually observed value 1.5 c.c., the 
figure calculated for the solubility of nitrogen in mercury at 20° C., 
0.25 c.c. per 100 g., or 1 c.c. of nitrogen in every 30 ¢.c. of mercury, is 
clearly much too large. There are no published figures for the solubility 
of gases in mercury, probably because the amount dissolved is too small 
to determine; otherwise, for instance, there would be no object in sub- 
stituting mercury for water in gas-analysis apparatus or the like. In 
other words, the estimate for mercury is patently at least 100 to 1000 
times too large, but this cannot be wholly the fault of the method of 


l oe onuple tivlaken 
also be of different order. The e: 
be sought in some neglected factor which may | 
constant. The dielectric constant for ordinary liquic 4 to 
water has the unusually high dielectric constant of 80; ead metals a 
commonly considered to have an infinite dielectric constant as deduced 
theoretically by Maxwell. At first sight, these relations would appear 
to offer a way of further correcting the solubility of nitrogen in water — 
and especially in mercury; but unfortunately the variation of solubility 
with dielectric constant follows no recognizable law, and furthermore, the _ 
dielectric constant of metals cannot be determined experimentally.’ 
The four solubility figures for nitrogen in metals at 727° C. (1000° 
-- K.) in column 4 of Table 1 are, as they stand, less than the experimental = 
error claimed by Sieverts, Iwasé, Bireumshaw, or Steacie and Johnson. 
If then these figures are further reduced to less than one-hundredth of 
their present value, as it seems they should be by analogy with mercury, 
they fall so far out of the range of detection experimentally that they | 
may be considered negligible. a4 
The estimate thus made may then be stated as follows: The simple 
solubility of gases in molten metals at higher temperature, if not abso- 
lutely zero, is certainly less than the experimental error of modern 
precision laboratory methods. 

A confirmation of this view may be found in the recent very careful 

work of Steacie and Johnson who find 


aa aL 


no measurable absorption of nitrogen by silver between 200° and 800° C. If any 

absorption takes place it is certainly less than 0.002 volumes of gas per volume of silver. 

This is to be expected, as it has been found by a large number of observers that nitrogen 
is not absorbed by metals except in cases where a well-known nitride is formed. 


And again in the summary of their paper, they say: ‘‘ Nitrogen has been 
shown to be insoluble in silver.” 

This one instance would be sufficient to prove the point for, from 
what has gone before (see Fig. 1 for example, or the many instances 
to be found in Hildebrand’s book) the “simple solubility” of gases in 
solvents is of the same order for all gases in any one solvent. 

There are, however, a number of other recorded instances of insolu- 
bility of gases in metals. Sieverts'* states that the noble gases (Ar, 


11 Reference of footnote 6, 84-86, 131 and 136. 

1 At least one physicist has recorded his belief that the dielectric constant of 
metals is of the same order as for nonmetallic substances. See F. Sanford: Phys. Rev. 
[2] (1918) 12, 130-135. 

18. W. Steacie and F. M. G. Johnson: The Solubility and Rate of Solution of 
Oxygen in Silver. Proc. Roy. Soc. (1926) A 112, 542-558. 

14 A, Sieverts: Die Aufnahme von Gasen durch Metalle. Given before the 
Deutsche Gesellschaft f. Metallkunde, June 24-25, 1928. Reported in Stahl u. 
Eisen (1928) 48, 1251-52. 
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5 Steacie and Johnson find about 0.47 e.c. hydrogen dissolved in 100 
_g. of silver. Iwasé’s!'® values for the solubilities of hydrogen in tin and 
aluminum are even larger than Bircumshaw’s but he gives extremely __ 


Cc, lead, ue. ci Zone. ee old. anal coon . 


.Bireumshaw” could not confirm this for tin and aluminum, and 


small values for hydrogen in zine and antimony, although he finds no 


nitrogen dissolved in solid copper and only traces in liquid copper. The 


latter observation agrees with Stubbs’ observation that passing nitrogen 
through molten copper does not change the freezing point. 


CONSEQUENCE OF THE CONCEPTION OF INSOLUBILITY OF GASES IN Hor 
METALS 


One of the most disturbing features of recent determinations of the 
solubility of gases in metals is the lack of agreement between the results 
of even the most careful and experienced investigators. 

Thus Iwasé’s figures differ materially at times from those of Sieverts, 
and he therefore feels that Sieverts must have failed to obtain equilibrium. 


Sieverts,!” on the other hand, has repeated some of Iwasé’s experiments — 


and concludes that Iwasé’s work must be in error. Krings and Kemp- 
kens,'* in a very careful piece of work, get a value for the solubility of 
oxygen in solid iron that is higher than the figures given respectively by 
Oberhoffer! and by Wimmer,”? but considerably lower than that of 
Schenck and Dingman,?! and very much lower than that of Eastman and 
Evans” or of Matsubara.?> Steacie and Johnson’s maximum value 
for the solubility of hydrogen in silver at 800° C. is about one-half the 
figure given by Sieverts and others, and the solubilities of hydrogen in 


16]. L. Bireumshaw: The Solubility of Hydrogen in Tin and Aluminum at High 
Temperatures. Phil. Mag. [7] (1926) 510-522. 

16 K. Twasé: Solubility of Gases in Metals and Alloys. Abs., Stahl w. Hisen (1927) 
47, 1786-1889. 

17 A. Sieverts and H. Hagen: Bemerkungen zu dem System Eisen-Wasserstoff. 
Zisch. f. Phy. Chem. (1931) A155, 314-17. 

18 W. Krings and J. Kempkens: Ueber die Loeslichkeit des Sauerstoffs in festem 
Eisen. Zisch. f. Phys. Chem. (1929) 183, 225-50. 

19 Oberhoffer, Scheffer, and Hessenbruch, Stahle u. Hisen (1927) 47, 1540. 

20 Wimmer: Influence of Oxygen on the Physical and Technical Properties of 
Mild Steel. Stahl wu. Hisen (1925) 45, 73. 

21, Schenck and T. Dingman: Equilibrium Relations in the Reduction, Oxida- 
tion and Carbonization of Iron. VI, 7; Solubility of Oxygen in Iron. Zésch. f. 
anorg. u. allge. Chem. (1928) 171, 239-57. Ibid. (1927) 166, 113; (1929) 182, 97. 

22 Hastman and Evans: Equilibria Involving the Oxides of Iron. Jnl. Amer. 
Chem. Soc. (1924) 46, 888-903; ibid. (1929) 46, 888. 

23 A Matsubara: Chemical Equilibrium between Iron, Carbon and Oxygen. 
Trans. A. I. M. E. (1921) 67, 3; Ztsch. f. anorg. u. allge. Chem. (1922) 124, 39. 
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y oe course Nis auplathed i obi reine 
ich as in the extremely interesting and promising method 1 cent 


a Se ods: as in the use of wie ehecrapike analysis for annie oxygen — = 
in iron; but the cases cited above represent very recent work by experi- 
enced and competent experimentalists who have at their command all 
the refinements of modern laboratory technique, and who must have ~ 
approached the problem fully cognizant of the minutest details of its 
many difficulties. Each one of these recent experimenters appearstohave == 
such confidence in his own work that he can conceive of a value differing = 
from his own only as an error on the part of someone else, clearly onthe 
tacit assumption that there must be one definite fixed solubility foreach 
gas in each metal at a given temperature—an assumption that is not ™ 
supported by the accumulated evidence of recent work. 

If the ‘‘simple solubility’ of gases in metals is indeed zero or at most <4 
too slight to be detected by modern methods, the variable results in the : 
best recent work on the action of gases on hot metals should be attrib- 
utable to factors that have not received adequate consideration. That 
this conclusion may not be as unorthodox as it seems at first sight appears 
from the following considerations. 

Sieverts, Bireumshaw, and Iwasé, respectively, give for the solubility 
of hydrogen in tin at 800° C.: 0.00 ¢.c., 0.35 ¢.c. and 1.0 ¢.c. per 100 g. 
of tin. Reduced to mass, the two last volumes are, respectively, 0.000031 
and 0.000090 g. of hydrogen dissolved in 100 g. of tin; or, say, 3 and 9 
in 10 million parts by weight; or finally, expressed as atoms, 1 atom of 
hydrogen for 28,000 and 9300 atoms of tin, respectively. 

Two recent values for the solubility of hydrogen in silver at 800° C. 
are 0.45 c.c. (Steacie and Johnson) and 0.73 c.c. (Sieverts) per 100 g. 
of silver, or 4 and 6.5 in 10 million parts by weight, respectively, or 
1 atom of hydrogen respectively in 21,000 and 13,000 atoms of silver: 
Sieverts states that at 1 atm. pressure, there is at most 10 atoms of nitro- 
gen (at 700° C.) to 10,000 atoms of yiron. The average amount of mixed 
gases (say of mean molecular weight 35) is about 8 c.c. in 100 g. of certain 
varieties of molten cast iron,” at 1270° to 1600° C., corresponding roughly 
to 1 atom of gas in 5000 atoms of iron (neglecting carbon, silicon, phos- 
phorous and other slight admixtures). 
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°4.N. A. Ziegler: Gases Extracted from Iron-carbon Alloys by Vacuum Melting. 
Trans. A. I. M. E., Iron and Steel Div. (1929) 428. 

*© A. Sieverts: Die Absorption von Stickstoff durch Eisen. Ztsch. f. phys. Chem. 
(1931) A155, 299-314. 

°° A. Wuester and E. Piwowarsky: Ein Neues Verfahren zur Bestimmung des 
Gesgehaltes von fluessigen Metallschmelzen. Stahl u. Eisen (1927) 47, 698-702. 


even i in the extreme cases of 1 to 25,000 or more atoms, is maintained | 
in virtue of Henry’s law, as is aaaply demonstrated by the degree oft 
conformity attained by different observers in their determination 


molten metals, and this coincidence has probably helped to obscure 


apparently have been more or less conscious of this difference and 


Cc mpared £0 their masses. When dealing with gases : 
rane in water and in organic solvents at ordinary temperatures, — 


tical kinetic equilibrium between the gas phase and the solution, 


of the solubility of gases in liquids at ordinary temperatures. It happens = 
that the solubility of gases in liquids, especially in water, at ordinary — P 
temperatures is of the same order as the volumes of gas absorbed by ‘ 


the fundamental difference that exists peers ordinary liquids and 
molten metals as solvents. 
Most of the recent in'vestigators of the solubility of gases in metals. 


some of them have actually sought a new explanation for this solubility. 
Thus, Steacie and Johnson in their two papers on the solubility of hydro- 
gen and oxygen in silver (quoted frequently on the preceding pages) 
were evidently struck by the positive temperature coefficient for gas-in- 
metal solubilities as contrasted with the negative temperature coeffi- 
cients for gas-in-ordinary liquid solubilities?” and, finding an explanation 
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- for this fact in terms of Langmuir’s™ fortantation for the adsorption of 


gases by metals, were led to study the subject along the lines that have 
proved so fruitful in explaining the action of metals at moderate tempera- 
tures in catalyzing gas reactions.” Steacie and Johnson’s summaries 
emphasize this relation of gas absorption to adsorption and to diffusion 


27 The force of this argument for a difference between the two types of gas solutions 


- is weakened considerably by G. Tammann’s theoretical deduction (Ztsch. f. Elek- 


trochem.: (1927) 35, 425-428) showing that solutions of gases in ordinary liquids need 
not necessarily have a negative temperature coefficient, and this weakening is much 
increased since Tammann has been able to illustrate his deduction quantitatively for 
the solubilities of argon, helium, and neon in water and organic liquids as determined 
by Lannung (Jnl. Amer. Chem. Soc. (1930) 52, 73). 

28 J, Langmuir: Jnl. Amer. Chem. Soc. (1916) 38, 2221. 

29 The literature on this subject is too vast to abstract. A suitable presentation 


- of the main facts is given by H. S. Taylor: Chemical Reactions at Surfaces. Chem. 


Rev. (1931) 9, 1-46. 

30 On diffusion of gases through metals, see for example, G. Deming and B. Clifford 
Hendricks: The Diffusion of Hydrogen heeneh Metals. Jnl. Amer. Chem. Soc. 
(1923) 45, 2857-64. 

F. M. G. Johnson and P. Larose: Diffusion of Oxygen through Silver. Jnl. 
Amer. Chem. Soc. (1927) 49, 312-26; ibid. (1926) 46, 1377; see also Chem. Abs., 18. 

G. Borelius and S. Lindblom: The Diffusion of Hydrogen through Metals. 
Ann. d. Phys. (1927) 82, 201-26. 

W. E. Deming: Phil. Mag. (1928) 5, 1080. 

Footnote continued on next page. 


‘ also, Lewis,*! led entatiiee teal 
__4/p law, proposed the theory that the ability of a od 
a oe on the ability of that metal to dissociate the gas. Vice 
(oe i Such explanations of the gas-in-metal solubility tend in tl 
fae. direction but they do not go far enough. It is true that metals | 
unique structure that Langmuir calls “giant molecules,” over which the 
may be superposed a secondary “block” structure,*? and that thes 
secondary blocks may persist even above the. melting point, as P 
Alexander Goetz,.of the California Institute of Technology, believe 
has observed;?? and, furthermore, one would naturally ‘expect liquids of 
high internal pressure and, if not ef wisy dielectric constant, os 
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strong ionizing power on solutes, aa Si these chingatenaal have nie 
relation to the interaction of such liquids (molten metals) with gases. 
It seems but a logical step to postulate that the action of gases on hot 
! metals should be explicable in considerable detail in terms of the electronic 
structure of the metals and gases, as is done by chemists with great 
success in connection with valency, where the formation of ordinary 
chemical compounds, of so-called ‘‘double salts,” of the ‘‘ coordination 
compounds”’ that formerly were so puzzling, and even of “adsorption 
compounds,” all appear as slightly different modes of action of directed 
forces exerted by the fairly well established electronic configurations of 
the outer rings of the separate atoms. 

Direct confirmation of this postulate is afforded by Sieverts’** table 
of the “hydrides” of the metals in relation to the periodic law. The 
work on atomic structure has demonstrated that any property or reaction 
that can be correlated with the position of the elements as arranged in 
the periodic table is explicable in detail as an electronic phenomenon. It 
remains for someone to carry through this indicated electronic interpreta- 
tion of Sieverts’ table, and to extend it to the ‘‘oxides” and “nitrides,” 
etc., of the metals.* 


V. Lombard: Experimental Researches on the Diffusion of Hydrogen through 
Nickel. Jnl.’ d. Chim. Phys. (1928) 25, 501-30, 587 or Rev. de Mét. (1929) 26, 343. 
G. Valensi: Jnl. d. Chim. Phys. (1929) 26, 152-77, 202-18. 
‘1 W.C. McC, Lewis: Jnl. Chem. Soc. (1920) 117, 623. ; 
82 F. Zwicky: Zur Mosaikstruktur der Kristalle. Helvetica Phys. Acta (1930) 3 
9; (19380) 4, 50; Proc. Natl. Acad. Sci. (1929) 15, 253, 816; (1930) 16, 211. 
a3 Private communication. 
** A. Sieverts: Die Aufnahme von Gasen durch Metalle. Zisch. f. Metallk. 
(1929) 21, 37-46; abs., Metall wu. Erz, 26, 548-550. 
SoeIN v. Sidgwick: The Wlectronie ubbats of Valency. Oxford University Press, 
1929. This would be an excellent guide in working out such an interpretation. 
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absorbed by molten vce or tin. 

Furthermore, at 1000° C., ordinary gases themselves begin to be 
ionized by thermal forces alone, and this action added to the ionization of 
the gas by the thermions from the hot metal might produce effects* 
sufficient to explain deviations of the order of 1 atom of gas in 10,000 or 
more atoms of metal such as characterize the discrepancies that appear in 
the comparison of the best results obtained by Sieverts, Steacie and 
Johnson, Bircumshaw and Iwasé. To anyone who has had experience 
with the ionization of gases, the possibilities of an influence of the size 
mentioned resulting from a change in the shape of the containing vessel 
or its gas space, from variations in length or diameter of connecting tubes, 
from accidental conducting surfaces in glass and other material, from 
extent of hot metal surface, or even from less obvious factors, will be quite 
real; in fact, these effects are so well known to physicists that failure to 
consider them hitherto in experiments on the solubility of gases in hot 
metals must be ascribed to the influence of the supposed analogy between 
liquids and molten metals as solvents for gases. 

The most important consequence, then, of the recognition of the 
‘‘insolubility”’ of gases in hot metals is the need for a general principle on 
which to base predictions as to the various degrees of ‘“‘ chemical combina- 
tion”’ encountered in the interaction of the various gases with hot (molten) 
metals. It is pointed out that an electronic theory, patterned after the 
chemists’ electronic theory of valency, holds out hope of offering a 
successful detailed description of the phenomena encountered in this 
field. It is suggested, also, that consideration of possible thermionic 
effects might account for the discrepancies existing in recent determina- 
tions of the ‘‘solubilities” of gases in molten metals. 

To give an explicit example of one type of intimate structure of metal- 
gas systems which could be predicated on the above considerations, we 
may think of a gas as ionized at the metal surface and the ionized gas 
then absorbed at the interfaces of the ‘‘giant”’ molecules or blocks of the 
mosaic structure. With metals no experimental proof of the existence 
of such a metal-gas system is available; however, Gross and St. Clair*® 


360, W. Richardson: The Emission of Electricity from Hot Bodies, 2nd Ed. 
New York, 1928. Longmans, Green & Co. 

37 J; A. Harker and G. W. C. Kaye: Proc. Roy. Soc. (1913) A88, 522-38. 

38 Especially if there is formation of Langmuir’s well-known active hydrogen, or 
Strutt’s active nitrogen, or the like. 

39 U. S. Bureau of Mines Rept. of Investigations., not yet published. 


{ hot petals alt jones nf et known ie along Rae See, eas , 
the ionization is somewhat capricious,*” the effect is not acl and is as 
_ easily measurable as is, for example, the trifling amount of hydrogen 


Des me the pee of Ou anaaeuae® : Rodin 
“4 Finch and Stimson” conclude that a gas can be held in at 
prone ways on a hot metal surface: 


(i) The gas is held physically i in an electrically neutral condition, in the form ofa 
alee layer which even at 850° is, as has been shown by Langmuir (Trans. : 
_ Faraday Soe. (1922) 17, 607) at least of monomolecular thickness. : 

(ii) The gas is held loosely in an electrically charged condition, whereby the 
surface itself acquires a charge, which can be removed with complete restoration of : 
ee in vacuo charge proper to the surface within 30 to 60 minutes by evacuation at 
850°. As examples may be cited Hz, Ns, CO, COz, H:O and Ar, in the case of gold; ane 
N. and Ar, in the case of silver; (no experiments were carried out with this metal in 
contact with CO, CO: or H.O); and all these gases together with oxygen, but excepting 

carbonic oxide, in the case of nickel. Rs ; 

(iii) The gas is held more firmly than in (ii) in a condition approximating to a 

= unstable, loose chemical combination; for example, O2 on gold, and O: or H: on silver. 

i In these cases the respective gas ae can only be removed with difficulty, and the 

necessary time of evacuation increases with the time during which the surface was 

previously in contact with the gas. 

- (iv) The gas is held in a still firmer manner than as outlined in (iii); the surface, 

y however, continues to exhibit the charge characteristic of the gas in question even 

after prolonged evacuation. The one example of this type of combination so far 
revealed in the course of this investigation is that of carbonic oxide on nickel. 

(v) The gas is bound chemically to the surface and the resulting stable chemical 
compound undergoes no dissociation at temperatures up to 850°. In this ease the 
in vacuo charge on the oxidized surface is the same as the in vacuo charge charac- 
teristic of the reduced oxygen-free surface. The one example which we have so far 
been able to study is that of oxygen on nickel, where direct evidence was obtained, 
not only of compound formation (absorption of a large volume of oxygen by the hot 
surface, coupled with the change of appearance at the surface from a bright metallic 
lustre to a matt greenish-black), but also of the stability of the nickel oxide at 850°. 
Thus the oxygen, when once it is firmly chemically combined with nickel, does not 
give rise to the charge otherwise characteristic of that gas. 


METALLURGICAL APPLICATIONS b 


One interest of practical metallurgists in a theory of the absorption of 
gases by metals is the hope of getting an insight into possible connections 
between the remarkable change in properties of metals and the minute 
contents of gas. 

The tendency to attribute almost every unexplained physical property 
of metals to the influence of gases has been overdone, and has been 
deplored by Fraenkel*! who, however, at the same time points out that at 


“ Finch and Stimson: Proc. Roy. Soc. (1927) A116, 379. 


‘1 W. Fraenkel: Ueber den Einfluss kleiner Beimengungen in Metalle. Zisch. if 
Metallk. (1931) 23, 221-24, 


C. J. Smithells: Impurities in Metals. 


iia at a re is no eannecdon Sie ate the Hea Fe of etek 
SF and its hydrogen content—the one instance that has hitherto b 
7 regarded as the most authentic case of a parallelism between gas conte 
ve and the properties of hardness and brittleness. Under the conditions 
__will be wise to refrain from further comment on this phase of the subject, 
and to limit ourselves to a discussion of the prevention of blowholes in — 
casting metals. 

There is no doubt that practical metallurgists approached the Ronee 
at first from the conviction that here was a case analogous to the solubility _ 
of gases in water; all that was needed was to know how much gas would ~ 
dissolve in the liquid. The symposium on the occlusion of gases by 
metals, presided over by R. Hadfield in 19184? was dominated by this 
point of view, or rather by the first struggles to get away from this point 
of view, as is evidenced by the prominent place given the discussion of the | 
“spitting” of silver, then regarded as a most strange and unusual way for a 
solution of gas to behave. It may be mentioned incidentally that 
Roozeboom, 14 years earlier, had indicated a way, simple to one versed in 
phase-rule diagrams, of clearing up this mystery.44 The phase-rule 
method has not been followed much since, although it would be illuminat- 
ing qualitatively; quantitative results would probably be unreliable 
because the conditions of equilibrium given by the phase rule are valid 
only “when uninfluenced by gravity, electricity, distortion of the solid 
masses, or capillary tensions.’’* 

Metallurgists soon found that the gas-in-water analogy was not 
helpful in actual operations, and their efforts to overcome difficulties 
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4 #2 Guichard, Clausmann, Bitlon, and Lanthony: Compt. rend. (1931) 192, 623. 
43 Trans. Far. Soc. (1918-19) 14, 173-191, contains many papers on gases in 
metals, a long discussion and a bibliography up to 1918 with 73 titles. 

, 44H. W. B. Roozeboom, in Die Heterogenen Gleichgewichte (1904) 2, 355, says, 
“Recently it has been shown frequently that molten metals dissolve gases, chiefly 
oxygen, probably because of the formation of an oxide in the liquid mixture. This 
depresses the melting point noticeably, for example by 20° and 16° for Ag and Cu 
heated in air. The solution is then saturated with oxygen at a pressure of 14 atmos- 
phere. This pressure, in the case of silver, is lower than the maximum pressure of the 

: triple-curve, because on cooling, silver crystallizes out with separation of oxygen 
(spitting of silver). That is, this phenomenon takes place at that temperature which 
has been ealled ‘the second boiling point’ above. The liquid silver under active 
ebullition decomposes into solid silver and gaseous oxygen.” 

45 J, W. Gibbs: Trans. Conn. Acad. (1876) 5, 115. Oversight of these limiting 
conditions may explain the failure of satisfactory agreement in many of the ambitious 
attempts to apply the mass law and Clapeyron’s equation to supposed equilibria in 
metallurgical reactions; for example, the most recent studies by F. Sandelin: A Study 
of the Velocity of Reaction and Equilibrium Conditions of Steel. Jernkontorets 
Ann. (1929) 519-44, or Metals and Alloys, 1, 475; and E. Ameen and H. Wilners: A 
Study of Gases in Liquid Steel. Jernkontorets Ann. (1928) 83, 195-265. 


: The eresenen of Saad in stuns metals 
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is with pure metals in the laboratory. ene the nae to ae 
metallurgist is not to answer the question, What causes the gas to dis- 
solve?, but the question, What prevents immediate and almost explosive 


reaction between such things as 2Cu,0 + Cu2S = 4Cu + SO; 4 i. 


FeO + Fe;sC = 4Fe + CO? 
An ingenious answer to this puzzle has been offered by C. S. Witte 


oa 


“< 


ell,““ who suggests that if either the cuprous oxide or cuprous sulfide __ 


adsorbed an inert film (e. g., nitrogen) the necessary actual contact 
between oxide and sulfide would be prevented and hence no reaction 
could take place. Another explanation, and one that has the advantage 
of requiring no additional hypothesis, is suggested by the curious behavior 
of gas-free liquids reported by Meyer.*7 Meyer’s “negative pressure” 
is nothing else but the internal pressure on which we based our contention 
of ‘‘insolubility”’ of gases in molten metals. The argument may be put 
most simply in some such terms as the following: If a high internal pres- 
sure tends to squeeze out foreign substances (solutes or gases) and thus 
prevent their dissolving, then, conversely, any reaction producing gas 
could not take place within such a liquid without first overcoming the 
tremendous internal pressure. Bircumshaw, on finding that hydrogen 
could not be completely pumped out of molten aluminum even in 114 


hr., explained the same phenomenon in terms of surface tension, which - 


is in essence again the same as our explanation, because internal pressure 
and surface tension are fundamentally interrelated. In other words, 
if the gas formed by the product of the reaction could be evolved into 
a space free from the high internal pressure of the molten metal, the 
reaction could proceed normally. This suggests bubbling SO, through 
copper or CO, through iron to make the two reactions cited above run 
to completion. ~ 

This novel method for removing dissolved gases is mentioned by 
Smithells‘’ as having been discovered by Arbuthnot,*® who, at the sug- 
gestion of Rosenhain, tried bubbling nitrogen through aluminum and 
found it effective. So, too, Pryterch® reports success in degassing copper 
by bubbling nitrogen through it. To this list Tullis has added chlorine 
and boron trichloride for aluminum alloys. 


*© Discussion of A. E. Wells and R. C. Dalzell: A Theory Concerning Gases in 
Refined Copper. Trans. A. I. M. E., Institute of Metals Div. (1980) 361. 

“J. Meyer: Zur Kenntniss des negativen Druckes in Fluessigkeiten. Abh. d. 
Deutsch. Bunsen Gesellschaft (1911) 3, No. 1. 

“SC. J. Smithells: Gases in Metals. The Metal Industry (Mar. 6, 1931) 38, 268. 

* Arbuthnot: Jnl. Inst. Metals (1925) 33, 233-234. 

*° W. E. Pryterch: Jnl. Inst. Metals (1930). Preprint No. 516. 
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solidification’ ’ by Smithells, or “slow solidification” by Pryterch. 


- vacuum melting®'—seems to work well enough to be applied to the com- 
- mercial production of a small but definite volume of metals for special 
purposes, although the last portions of gas resist with surprising tenacious- 
ness removal by a vacuum. 

_ There remains still to be considered the relation of the conception of 
gas solubility to the application of physical chemistry to metallurgy, 
which is to say, the explanation of metallurgical reactions in terms of the 
masslaw. Taking as an example the mass law expression for the reaction 


FeO + C = CO + Fe, 
which is usually written 


CO 
= Ged) (6) 
and which according to Larsen®? may be expressed as 
1 
ie 
KY = Ged) 


This assumption of a constant and finite solubility of the carbon 
monoxide was first made by LeChatelier, whose brilliant work and that 
of his followers, notably Styri, is so well known to metallurgists that 
detailed reference may be omitted here. It is pertinent to suggest, how- 
ever, that the discrepancies between theory and fact that have remained 
even after much careful work in this field might possibly be a consequence 
of this particular form of assumption for the solubility of carbon monoxide 
in iron. 

_ It is quite true that so far as the application of the mass law is con- 
cerned an exceedingly small solubility is sufficient provided it be constant. 
It would be difficult indeed to prove or disprove the existence of such an 
infinitesimal solubility. However, for practical purposes, if this solu- 
bility is not-so great as to considerably outweigh other forms of gas- 
metal contact as a means of reaction, the mass law cannot be fruitfully 
applied. In the foregoing an attempt has been made to show that other 
forms of gas-metal contact which do not follow the mass law very likely 
exist to such an extent that simple solubility is an-insignificant factor. 


. 
’ 
: 


51 See also A. Villachon et G. Chaudron: Sur la teneur en hydrogene et en ca oxyde 
de carbone de quelques metaux fondus dans le vide. Compt. rend. (1929) 189, 324. 
W. Rohn: Technische Eigenschaften Vakuumgeschmolzener Metalle. Ztsch. 
f. Metallk. (1929) 21, 12-18. 
52 B. M. Larsen: Origin and Effect of Inclusions in Steel. Metals and Alloys, 
(1930) 1, 703. 
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The third method mentioned by both Smithells, and Pryterch—_ 


1p as indicated by aprevious ¢ iset 
Rat if only 0 c.e. of gas is distributed oie 


i in all these reactions pute is a large aeelniee of ae 


not permitted in any practical case to take the CO concentrati 


- activity—if you wish, as proportional to the partial pressure. , 
It therefore appears that before we can eis apply the 


SuMMARY 


1. An approximate computation has been given to show that the 
simple solubility of gases in molten metals is, for all practical pur-— 
poses, zero. es r- 
2. It has been suggested that an electronic explanation for the various _ : 
degrees of tenacity with which gases are held by metals is demanded by _ 
Sieverts’ periodic table for the interaction of hydrogen with the elements. __ 
3. Attention has been drawn to the desirability of considering therm- — 
ionic effects in any study involving hot metals. . 2° 
4. A simple explanation has been offered for the apparent paradox 
that the reaction in such systems as cuprous oxide-cuprous sulfide in 
molten copper do not react explosively. 
5. The necessity of a knowledge of the intimate structure of gas- 
metal systems before the mass law may be applied to them is emphasized. — 


, Solubility of Gases in Metals* 


By V. H. Gorrscnatkf anp R. 8. Dran,t Wasurneton, D. C. 


(New York Meeting, February, 1932) 
ABSTRACT 


| In the theoretical study of metallurgical reactions, it is necessary to 
make certain assumptions concerning the nature of metal-gas systems. 


a _ The assumption usually made is that the reaction in such systems takes 


place predominantly with gas that is in ‘‘solution”’ and that the amount 
of solution follows the rules which have been developed for aqueous 
solutions; namely, Henry’s law. The purpose of this paper is to inquire 
whether these assumptions are the best ones that present knowledge of 
gas-metal systems permits us to make. 

In the first part the extent to which a gas will dissolve in a metal and 
still follow Henry’s law is considered. The conclusion is believed justified 
that the number of molecules of gas that can dissolve in a metal and 
have the system follow Henry’s law must be small indeed. It is therefore 
improbable that the first assumption concerning the predominance of 
these dissolved molecules in reaction is correct. It is suggested that 
some improvement in the correlation of the probabilities with the assump- 
tions made in the mass law equations would be made by the use of the 
~/p law of Sieverts in place of Henry’s law. However, the amount of 
gas that may be held in a metal so that it follows either Henry’s or 
Sieverts’ law is considerably outweighed in most metallurgical reactions 
by that held in gas-metal systems of entirely different structures and 
concerning which little experimental evidence is available. Some 
speculation concerning the nature of these is offered. The conclusion 
is that attention should be given to the determining of the nature of 
gas-metal systems and that the really fruitful application of the mass law 
and its connected calculations will have to await a more complete 
knowledge of these systems than we now possess. 


DISCUSSION 
(Paul D. Merica presiding) 


P. D. Merica, New York, N. Y. (written discussion).—The solubility relations 
of gases in metals, in so far as they are known from the pioneer work of Sieverts and 
others, have from the first presented certain challenging peculiarities. The authors 
have emphasized the significance of these characteristics and suggest that they point 


* This paper is available at the office of the Institute as a Preprint. 

+ Senior Physicist, Metallurgical Division, U. S. Bureau of Mines. 

t Chief Engineer, Metallurgical Division, U. 8. Bureau of Mines. 
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aa With this aa te we met be in en 

Now there are two practical aspects of their views whic % 
In the first place, the temperature coefficient of “apparent” solu 
by available reports is not only of the wrong sign to be in accord with t ) ; 
this solubility is of the “simple” variety, but it is too large as well. The simple 
“geometrical” troubles we encounter in consequence of gases in metals are due 
variation of solubility with temperature and with state of aggregation. Tf sim 
solubility were the rule in gas-metal systems, we should have a much smaller tempera- i 
ture variation of solubility, and our gas-hole and similar difficulties would be 
much reduced. 

The fact that gas solubility apparently snvahyed chemical reaction and combina- 
tion also suggests the reason why gas absorption and rejection in metals should be so 
sensitive to chemical composition of the solvent metal or alloy. ‘Simple” gas 
solubility should not be much affected by small quantities of impurities in metals. 
But ‘‘apparent”’ solubilities, depending on chemical reaction with the atoms of the 
solvent, can obviously be profoundly affected by slight changes in the character 
of the solvent—and our practical experience is thus in accord with the authors’ 
views in suggesting this abnormal sensitivity of gas solubility to variations in 
metal composition. 

The conclusion of the authors that in order to understand gas-metal relations 
better we must seek means of developing further information concerning the . 
nature of the gas-metal compounds formed during gas absorption cannot be too 2 
strongly emphasized. t 


E. R. Darsy, Detroit, Mich—We have done considerable work with copper, 
tin and lead alloys and we have found that the gases causing the greatest difficulty 
are those resulting from the reduction of oxides. When the metal is cast, the sand 
cores become heated. Any oxides present in the metal next to the core are reduced 
and gases are given off which produce holes in that portion of the casting. We think 
that lead oxide is reduced in this cycle. 


H. D. Hrssarp, Plainfield, N. J. (written discussion).—In considering the gases 
of steel there are seven cases or fields to be examined: (1) those in the charge materials; 
(2) those encountered in melting and working; (3) those evolved in the mold; (4) 
those in the gas holes in the ingot; (5) those evolved when the cold steel is drilled; 
(6) those evolved when the metal is heated and (7) those evolved when the metal is 
again melted. These are all different and knowledge of all may be essential. Then 
each of these seven fields must be considered in relation to the others and also under 
all the variations of the accompanying conditions. 

Having determined the gases and their effects, the problem becomes: first, to 
minimize the quantities of the harmful gases entering the metal; second, to eliminate 
them as fully as possible, and third, to neutralize the harmful effects of those persisting 
in the metal. The matter is so huge that its study may never be completed, in all 
its refinements, but useful knowledge may come from even moderate investigations 
and research. Hydrogen is probably the most troublesome gas and should be the 
first to be studied. 

In a rimming or effervescing steel ingot there are usually three distinct sets of 
gas holes: (1) skin holes near the outer surface, which are caused by hydrogen; (2) 
intermediate holes, in a zone parallel to the surface and well inside the skin holes, 
which are formed by carbon monoxide, and (3) central holes, which are thought to 
be caused by nitrogen or ammonia. To make rimmed steel regularly without skin 
holes is for the future. It has been done, though rarely. 


ae 


or m magnetostrictive Aibrations in ferromagnetic subst ces. 


es. The Aigesieet is, _ of course, that j in athe sound waves the Paoeae 
d can be controlled more readily than heat motions, which are at rando 


Our p eliminary plans are to study the effect of ultra sonic waves on: (1) The absorp- 
pe ie removal of os and other substances from BiSiDls; ; (2) the procieeen oe 


eel ahions (6) permeability and eEeeie $ (7) electrical resistance. 


* Compt. rend. (1930) 191, 1928. 


The Degassing of Metals* 


By F. J. Norront anp A. L. MarsHauu,{ Scuenecrapy, N. Y. 
(New York Meeting, February, 1932) 
ABSTRACT 


To determine how rigorous a treatment was necessary completely to 
remove sorbed gases from molybdenum electrodes in vacuum tubes, the 
degassing process in high vacuum was studied in the temperature range 
800° to 2300° C., and the gases analyzed. Some work was also done on 
the degassing of tungsten, nickel, and carbon. It was shown that the 
amount of gas is proportional to the mass of the sample and not to the 
surface area, indicating that the gas is distributed through the body of 
the metal. A study was made of the solubility of nitrogen in tungsten 
and molybdenum from 1200° to 2400° C., at equilibrium pressures from 
0.01 to 760 millimeters. 


* This paper is available at the office of the Institute as a Preprint. 
} General Electric Co. 
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The Degassing of Metals 


By F. J. Norron* anp A. L. Marswati,* ScHENECTADY, N. Y. 
(New York Meeting, February, 1932) 


THE object of this investigation was to make a comprehensive study 
of the degassing of molybdenum in order to determine how rigorous a 
treatment was necessary to completely remove sorbed gases from molyb- 
denum electrodes in vacuum tubes. Some work has also been done with 
tungsten, nickel and carbon. As a logical development of this work it 
has been shown that the gas is present throughout the body of the metal 
and a study has been made of the solubility of nitrogen in molybdenum 
and tungsten and the rate of diffusion of nitrogen through molybdenum 
has been calculated. 

Tests were made on molybdenum from all the commercial sources 
and no difference was discovered in the nature of the gases present, the 
amounts or the ease of removal. The reason for this was apparent when 
a study was made of the manner in which gases are absorbed by gas-free 
molybdenum. It is necessary to heat molybdenum to 1760° C. in a 
vacuum of the order of 0.001 micron for a time which varies lineally with 
the thickness, in order to obtain a condition in which no further gas is 
evolved by the sample. A sample so degassed can be handled and sub- 
sequently assembled in a tube and then degassed readily. The gases 
obtained from molybdenum are carbon monoxide and nitrogen, the 
nitrogen being the more difficult to remove. 


APPARATUS AND TECHNIQUE 


The apparatus is shown in Figs. 1 and 2. It consisted of two units, 
a degassing system and an analytical system. Each had a bake-out oven, 
as shown surrounding the systems in the sketches. The system will be 
traced, starting from the sample in the degassing system. 

The samples made from sheet molybdenum were in the form of rings 
7-in. outside diameter with a 74 ¢-in. hole in the center, and were from 20 
to 250 mils (0.020 to 0.250 in.) thick, most of them being about 70 mils 
thick. There was a hole in the ring by which it was attached to a 100-mil 
molybdenum rod. This rod was threaded at one end and two molyb- 
denum nuts held the sample in position. It was necessary to file three 
longitudinal grooves in the threaded end of the rod to prevent the nuts 


from sticking after the high-frequency heating. 


* General Electric Co. 
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; circuit with a maximum power input of 20 kw. A; 


temperature of the molybdenum sample was observe 


qué ner Bact, which heated the 
amber and was cooled by an air blast. — 
.800-meter wave length was obtained from a 


the quartz to the rest of the apparatus, which was 


pyrometer through an optical window about 40 cm. dista: 
sample. Since the object viewed under these conditions w 

body, true temperature was not observed, but the so-called 
temperature.”’ The correction of this to true Mets 2 is disc 
a later section. ae 

The apparatus was Gien apart just above ie graded seal; thea 
chamber was slipped off, washed with nitric acid, water and aleohc 
dried by an air stream. The old sample was removed by unser 
the lower nut, and the new one was put on. Great care was pee 
to handle any of the metal parts. 

The apparatus was then sealed together again and evacuated by. pump 
B. The mercury in the various traps was let down below the level of the mi te 
bake-out oven. It was essential to attain a good vacuum before applying — 
heat; otherwise the sample would become badly oxidized. Liquid air was * : : 
put on the ionization gage trap. A small tube furnace extended over the — as 
quartz bulb, and a large bake-out oven extended over this and the whole __ 
system. The quartz was baked out at 800° C., reaching this during the _ 
last half hour of bake-out. The whole system was baked out at 450° to — 
470° C. for 1 hr. After cooling, the mercury was let up into pump A 
and traps 2 and 3 were closed. Cooling water was let into the pump A, | 
trap and quartz jacket, and the pump started. At this point, the ioniza- 
tion gage showed a vacuum of better than 0.001 micron. Previous work 
had also shown that with this design and bake-out procedure no liquid — 
air was needed on the large trap. This enabled the condensible gases 
CO, and H,0 to be determined, though the determination of H,O would 
have been problematical because of the avidity with which it is absorbed 
by ‘baked-out glass. The water-cooled trap kept the mercury pressure 
low enough in the quartz chamber so that no glow discharge in mercury 
vapor occurred during heating of sample with high frequency. 

The preceding bake-out gave conditions such that less than 0.02 
cu. mm. of gas was collected with shut-off 4 closed and pump A running, 
over a period of 10 to 15 min. This has been found to hold even when 
the sample and quartz were at 800° C. Consequently, it is evident that 
the gases later evolved could come only from the sample. A poor bake- 
out was indicated by a slow, continuous evolution of gas. The test of 


collecting less than 0.02 cu. mm. of gas as measured by the McLeod 
gage was applied before every run. 


: Fer the oe being open in the prone. 


yperated during this time to reduce the back-up pressure of pump C. 


; ae tem (0.01 to 0.03 microns) the high frequency was started again, to be 
eS sure that no more gas was being given off. This procedure was used 
because of the greater precision of the McLeod in the lower pressure 
ranges, for small quantities of gas. 

———s« The glass stopcock between the systems was then closed, as was 
shut-off 5, isolating the two systems. The degassing system was then 
available for another run. The sample of gas was in contact with mer- 
4 -_ eury and baked-out glass only, except for the brief passage through the 
a glass stopcock during its transfer, which reduces to a minimum the 
= possibility of contamination. 


Zz 
ie 
4 
a4 


The volume of the collecting part of the degassing system was deter- 
mined by admitting dried nitrogen to the system with pump A operating. 


3 The volume of the McLeod gage was known from its calibration. Mer- 
-——cury was let into the gage, trapping off a known volume of gas at a meas- 
ured pressure; the rest of the collecting system was evacuated, shut-off 


Fe closed again, the nitrogen in the gage admitted to the system and the 
pressure again measured. The ratio of the two pressures times the 
-_ volume of the gage gives the volume of the collecting system. 


(a ANALYTICAL TECHNIQUE 


The method was essentially that of Langmuir! for the analysis of 
small amounts of gases. 

As described above, the sample was transferred to the analytical 
‘system, pump C was cooled and shut-offs 6 and 7 were opened. The 
sample then occupied the whole of the analytical system between shut- 
offs 5 and 8. 


1 Langmuir: Jnl. Amer. Chem. Soe. (1913) 36, 105. 


D Shutoffs ; 
’ and 6 were closed, and when shut-off 3 was opened the gas sample a 
3 drawn over into ine analytical system. The Toepler pump was — 


€. _ After the sample of gas had been transferred, shut-off 3 was again — a 
closed and with a low pressure in the collecting end of the degassing sys- os 


red te CO, Biot in the sample. 
vas ‘sample was compressed again into the 
7, Pure oxygen of known amount was admitted to t] 
hut-off 8 with liquid air on the trap. The gas sample 
to the system and the new pressure read after equilibrium ° 
, Be, The sample and oxygen were compressed into the ignition | 
taining a 5-mil filament of pure platinum. This was heated to a 
ved for 10 min. Previous work with known amounts of Hz, CO and 
# in the analytical system, had shown that this time sufficed for the x reac- 
oo of 2 ae 
CO + 1402 = COs a 
The oxidation of hydrogen to water was very rapid at this temperature. _ 
At first it was feared that in compressing samples containing oxygen 
_ with the small mercury pump, some of the oxygen might react with — = 
the mercury vapor and the attendant decrease in pressure give a false 
indication. This point was tested by circulating pure oxygen, and also 
various combustible mixtures for 14 hr., with the pump. No change 
in pressure was found. This is in conflict with the findings of Hibben? . 
who dropped mercury through oxygen at low pressures and observed a 
decrease in pressure. 
The sample of unknown gas, after undergoing combustion, was 
released into the system with CO: snow ether on the trap. The decrease — 
in pressure, if any, was due to the hydrogen and oxygen which had reacted, 
plus the oxygen which had combined with carbon monoxide. The 
contraction which followed when the liquid air was placed on the trap | 
measured the carbon dioxide present. When the amount of carbon 
dioxide originally found was subtracted, the rest of the contraction repre- 
sented carbon monoxide originally present, which was oxidized to carbon 
dioxide. The amounts of gas accounted for by this procedure were 
then subtracted from the original volume of sample, and the residual 
considered to be nitrogen. Preliminary work had shown that no oxygen 
was present in the gases from molybdenum. 
Hydrogen was not a common constituent. Large quantities of hydro- 
gen were collected when the bake-out was known to be poor, due probably 
to water vapor from the glass surfaces reacting with the hot molybdenum. 
There was also a possibility that some hydrogen came from the sample 
during the 800° bake-out. 


DETAILED CALCULATION 


A typical calculation is given below. The pressure readings were 
made on Hale-Pirani and McLeod gages, but only the latter readings were 


> Hibben: Jnl. Phys. Chem. (1930) 34, 1397. 
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used as a basis for calculations. It is not necessary to calculate the pres- 
sure readings to absolute amounts to determine percentage composition. 


Data SHEET 


McLrop-GacE j ConDITIONS 
Ravine, Microns 
1.58 Carbon dioxide snow ether on trap. 
1.48 Liquid air on trap. 
3.45 Oxygen admitted; liquid air on trap. 
3.53 Carbon dioxide snow ether on trap. 
3.33 After compression and ignition; carbon dioxide snow ether on trap. 
3.04 Liquid air on trap. 
CALCULATION 
Microns : 
(a) 1.58 — 1.48 = 0.10 Carbon dioxide. 
0.10 X 100 = 6.3 percent Carbon dioxide. 
1.58 : 

(b) 3.45 — 1.48 = 1.97 Oxygen admitted. 

(ec) 3.45 + 0.10 = 3.55 Pressure before ignition, when 
carbon dioxide snow ether is on 
trap. 

(d) 3.55 — 3.33 = 0.22 Contraction on ignition. 

(e) 3.33 — 3.04 = 0.29 Total carbon dioxide condensed by 
liquid air. . 

(f) 0.29 — 0.10 = 0.19 Carbon dioxide which resulted 


- from the carbon monoxide origi- 
nally present. 


os xX 100 = 12.0 per cent Carbon monoxide. 
(g) This carbon monoxide, in burning, consumed ofe-half its volume of oxygen =0.10 


microns oxygen. 


(h) 0.22 —0.10 = 0.12 microns Residual part of contraction (d) 
due to hydrogen and oxygen. 
(i) 0.12 x 24 = 0.08 microns Portion of contraction due to 
hydrogen. 
0.08 


rs * 100 = 5.1 per cent hydrogen 


(j) The portion of the 1.58 accounted for is now: 
0.10 + 0.19 + --0.08 = 0.37 microns 
carbon carbon hydrogen 
dioxide monoxide 
(k) The residual noncombustible gas, not condensible by liquid air, is considered to 


be nitrogen. 
1.58 — 0.37 = 1.21 microns 


es x 100 = 76.6 per cent nitrogen 


Greater accuracy can be attained when the composition of the gas is 
known approximately and the amount of oxygen added is only slightly in 
excess of that necessary. 


TS = arabes 


8 THE DEGASSING OF METALS 


TEMPERATURE MEASUREMENT 


Temperature measurement was made by means of a Leeds & Northrup 
optical pyrometer of the disappearing-filament type. It was calibrated 
against a standard ribbon filament lamp. The pyrometer is scaled to read 
the correct temperature for a black-body emitter. An incandescent | 
metal surface, as in our experiments, emits less radiation than a black } 
body at the same temperature. The brightness temperature which we 
measure with the optical pyrometer is thus lower than the true tempera- 
ture of the sample. 

The relationship between true and brightness temperature is discussed 
by Forsythe and Worthing.’ ; 

For light of a given wave length X, the relationship is 


1 1 2.303 log10e 


Los Ce 


where 

T = temperature, deg. K. 

S = brightness temperature, deg. K. 

\ = wave length of light used in the measurement: here \ = 0.665 

microns. 

é = emissivity of the substance for this wave length. 

C. = Wien’s constant = 14330 micron degrees. 

A perfect black body has an emissivity equal to unity, and the bright- 
ness and true temperature are equal. Other materials have lower 
emissivity. Worthing‘ gives e = 0.352 for the emissivity of molybdenum 
at 2000°. The data there given are for seasoned molybdenum filaments. 

In the present investigation, the emissivity for fresh molybdenum 
surfaces which had been cleaned by caustic dipping, as described later, 
was unknown. Following a suggestion by Dr. Dushman, it was deter- 
mined by drilling a 50-mil hole 200 mils deep into molybdenum samples 
250 mils thick. The brightness temperature of the hole and surrounding 
surface were then measured, the hole constituting a black body. The 
emissivity thus found was 0.40 at 2033° K., compared to Worthing’s 
value of 0.35, indicating that the rougher molybdenum surfaces of our 
samples were nearer black-body conditions. The difference between 
brightness temperature and true temperature of the molybdenum 
amounted to 160°, at 2033° K. = 1760° C. true temperature = 1600° C. 
brightness temperature. 

The standard temperature used in most of the experiments, 1760° C. 
(1600° C. brightness temperature), was chosen because below it comple- 
tion of gas evolution was too slow to be convenient, and above this temper- 


* Forsythe and Worthing: Astrophys. Jnl. (1925) 61, 146. 
4Int. Crit. Tables V, 243. 
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PREPARATION OF SAMPLE - 


a _ The sheet molybdenum was cut with a hacksaw into rough shape. A 
1 ¢-in. hole was drilled in the center, and a hole for the 100-mil wire for __ 
support of the sample. The outside was then turned off on a lathe, soa 
ts ring resulted, with the oxide, if originally present, on the faces. 
a _ The sample, on a clean molybdenum rod, was dipped into a bath of 
3 molten caustic with about 3 per cent nitrite in it at 450° C. About 30 | 
. sec. cleaned off the oxide. The ring was then dipped successively into hot _ 
water, 10 per cent hydrochloric acid solution, cold water, washed thor- __ 
oughly in distilled water, dipped into grain alcohol and dried in a stream of 
air. Care was taken to avoid touching the sample at any stage of clean- 
ing. It was handled with tweezers and kept wrapped in condenser paper. 
Some samples, as noted, were further treated by electrolyzing in 
concentrated sulfuric acid, with a strip of molybdenum sheet as cathode 
and the sample as anode. The appearance of the electrolyzed samples 
was bright and shiny, compared to the dull gray of the caustic-dipped 
samples. The caustic-dipped samples showed clearly the fibrous struc-. 
_ ture of the metal. 
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Nature oF Gas Evotvep aT Various TEMPERATURES a 


Table 1 and Figs. 3 and 4 show the results obtained as a sample is 
heated to successively higher temperatures and the gas evolved at each 
stage is collected and analyzed. 

In these experiments the high temperature (800° to 1000° C.) bake- 

‘out oven was not put on the quartz. It received the 450° bake-out with 
the rest of the system. When the evolution of gas from the sample 
was at an end, or at a steady rate, for a given temperature, the sample 
was pumped over to the analytical system, and the rate checked again 
at low pressures in the collection system, to be sure of the rate, or of the 
complete cessation of gas evolution. 

These experiments and the data summarized in Fig. 4 are of especial 
interest in showing the relative ease with which the constituent gases 
come off. 

Hydrogen comes off most readily, at the lower temperatures, as 
Alleman and Darlington® found with ferrous alloys: The amount of this 
is relatively small. 

The next gas to appear in quantity is : carbon monoxide, which comes 
off readily at 1000° and lower. It persists, in small amounts, to the 


higher temperatures. 


5 Alleman and Darlington: Jnl. Frank. Inst. (Feb.-Apr., 1918). 
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Deewaavon 296. Gas aT SINGLE ‘TEMPERATURE FROM 70-MIL, 4.9-cram S 
CAUSTIC-DIPPED ~ as . al 


1600. | 1760 24.8 58 30° 6 | 614.4 (74 | 1.5 ie 


EXPERIMENT 12 (Fic. 3). Gas IN STAGES FROM 72-MIL, 5.3-GRAM SAMPLE, ; 
CAUSTIC-DIPPED 


740 790 | 5.44 5 | 66 (20 9| 0.28 |3.58|1.09/0.49 

978 1050. | 3.66 66 | 30 | 4 | 2.41 | 1.10] 0.15 

1115 1210 | 9.00 95 | 5 | 8.55 | 0.45 

1320 | 1450 | 9.40 90 | 10 8.46 | 0.94 

1500 1650 | 1.20 90 | 10 | - 1.08 | 0.12 

1600 1760 | 0.22 (0.22) 

wtd. a 

Total... 28.92 ave.| 73 | 21 | 4] 2/21.0 |6.19|1.24|0.49 


EXPERIMENT 34. Gas av SINGLE TEMPERATURE FROM 72-MIL, 5.3-GRAM SAMPLE, 
CaUSTIC-DIPPED 


| 
1600 1760 (20.0 | 94 | 6 | 18.8 | | Aig | 


Nitrogen is more difficult to remove and requires a temperature of 
1200° and up before it comes off. It is of interest to note that molyb- 
denum nitride may exist as shown by Langmuir.® 


Errect oF TREATMENT AND Sourcr ON Gases FROM MoLyBDENUM 


In the light of the previous experiments it was decided to carry out 
all subsequent experiments at 1760° C. This seemed to be the optimum 
temperature; at lower temperatures the time for complete degassing was 
excessive and at higher temperatures evaporating molybdenum cleaned 


‘Langmuir: Jnl. Amer. Chem. Soc. (1913) 35, 105, 931. (1915) 37, 417, 1139. 
See Mellor: Treatise on Inorganie Chemistry, V, 128. 


‘ “gave off 1 no Pic. gas on hans ne to higher temperatures. 
Table 2 gives the amounts and composition of the gases obtained 
from ‘the samples of molybdenum from various sources. Figs. 5 and 


AAS 1 
pas : 


WS 60 BO Ted 140 Ba fab Waa BOD E80 B40 Bao DTI 20 540 360 380 400 420 440 


MINUTES 
Fic. 3.—GaAs EVOLVED FROM MOLBYDENUM, 72-MIL, 5.3-GRAM SAMPLE, CAUSTIC-DIPPED. 


6 illustrate the rate at which the gases are evolved and together with the 
tables present the results obtained. From these data it is evident that 
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Fic. 4.—AMOUNT OF GASES GIVEN OFF AT VARIOUS TEMPERATURES. 
Molybdenum ring, 7¢-in. inside diameter, 7¢-in. outside diameter and 0.07 in. 
thick. 


samples from all the different sources give about the same amount of 
gas and require about the same time for complete degassing. No correla- 
tion could be found between different methods of manufacture, such as 
amount of working, and the gas content. . 
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Fig. 6.—Gas EVOLVED FROM MOLYBDENUM. 69-MIL, 5-GRAM SAMPLE. 


‘aorqIso0 ad ree 


ge | ze, |e ett 
0G 
9 9 O€ | 89 ‘ert 
6 16 KG 
S Sta Ts. oc . 
GG 
td GT | 98 KA 
; oi ; 6 Go 
L £6 (a6 
GG 
I | 88 GS 
\ GYUOLVaadNa J, 
*H 700 | OO | *N 
suwinn {|_| <2 “UIT 
(dure . ‘Burssedoq 
qued 10g IO} OWL, 


pexyiom 


02 peyzoaun * 1% 
02 * 608 
OL. * 966 
OL a * SOE 
OL Ee * 008 
OL * * 886 
OL od * * L8G 
OL iE) 986 
eL * 122 
eL Hy GLE 
€L *) \ 89d 

GouL O O9Zt 

2. aZ& ’ 
ait Been, latest did HO®WN 

‘ssou ory], =| “ON “90xq 

| 


ey ‘ 


OD OD OD 


"ON 30098 


“possoboq say dung wunuapae A—s TIAL, 


‘ 


\ 


THE DEGASSING OF METALS 


“Surpsey utuNnjoo jo quoetujzee1, paAlesoer esey} 4ey} SezBOIPUy x 
*peuvelo you wey} ‘ZUIssesep J04je po[puByy o 

“PeZtpixo JON F£ 

“oxBq Ul PeZIPIXO » 

‘oye Ul pozipixo ATPwY p 

‘ajduies U0 epixo ON ‘“peuBe[o YON o 

“oYBq BULINP P2ZIPIXO 4 

‘Jozueq YIM poysea ‘uve[D Pally ov 


nn EEE EEEEEEEEE SESE SE 


14 


LL 9°0| 2's |6'P I 8 62 | £9 cP 69 # * $86 6 
9°8 ZG 28 ¢ ¢ [6 0G 69 | # * 66 6 
9°8T 9°0| L'F | FT g & Go | SL Of 69 * 616 6 
0°0F 8°0| F'08|\8'8 ¢ z 9L | 6% z 69 08S 6 
Go's cot |4°& ts of | OL GG OL * * 90€ G 
s0'9 Ts ZG : OL * * T0€ 4 
8°ST Om 8° FI 1g 9 ¥6 1G OL * 16Z & 
0°91 9°0 ¥ ST Lg ¥ 96 GG OL * £66 a 
8°SI Sal tS ke wy OT | 06 ST OL * £066 G 
Pst 40 O'8T Lg 4 86 08 OL * 2F66 G 
T'1é OF |T°2T 1s) 6T | T8 GG OL * PL6G z 
0°Ss ZZ} 06 |8°&T Te? 6 Sen ss 96 | OL 2682 z 

‘s K | 

te) 3H | z tH |@ z E) az 
CN H|#00) OO | *N eae H a OD | *N EN oe ane qnespap et | ee | did HOE®N | 
| ‘ejdueg ‘Zuissedaq, | ‘Ssouxory.L, _ ‘ON “90xqq ‘ON 90099 
(I.LN) Aq 44310 que) 1d 1OF QUILT, 
WI ‘NO ‘sexy jo yunowYy ‘uOIZISOduIOZ) 8Bx) SulUueeO | 


dee a eee —rEE=n/EIE TEI: TIT nnn ISIS nnn IRIE IEEnIEnEIEnSIE SI SSIES IEEE 


(panuyuoy)—zZ% AIaV 


eo 


be joe as € Solutions was tind to be of the first order and this 
h evidence presented later seems to show that the controlling _ 
é gas evolution is the diffusion of gas to the surface from ~ a 


= EFFECT OF VARIOUS MEtHops oF CLEANING 


one the tabulations it is evident that methods of preparing the = 
sample give greater differences than appear in samples from various a 


sources. A summary of the effect of various methods of cleaning on 
gas evolution is given in Table 3, in order of increasing effectiveness. The 


samples were all 70 mils thick. The first treatment represents the result __ 


of one experiment; the others are the average of several. 


TaBLeE 3.—Effect of Method of Cleaning on Gases Evolved 


| 7 
Gas Composition, Per Cent 


Time of rage of 
Treatment : Eo Sree S as, Cu. 
ae pan (NTP) N2 | co CO2 
Filed clean and washed in benzol. . | 70 40 | 35 | «65 | 
Ouastiealipped. 242.2041: . nasa 5 24. | 22.5) 79.0 | 16.5: | 4.5 
Electrolyzed conc. H,SO,........... 20 | ies . 88.5 10.5 | 1.0 


The decreasing amounts of carbon monoxide in the series in Table 3 
is interpreted as more complete removal of surface grease and dirt, but 
from the curves in Figs. 3 and 4 it is apparent that carbon monoxide 
continues to come out even at later stages of the degassing, apparently 
from the body of the metal. 


The effect of dirt and grease is shown by experiments 285 and 279. 


(Table 1 and Fig. 6). A caustic-dipped sample was run in the regular 
manner, No. 279. It gave off. 18.8 cu. mm. of gas, 75 per cent Nz and 22 


~ per cent CO, and required 30 min. for complete degassing. This same 


sample was taken out and handled, then put back into the system and a 
regular bake-out given. ‘Then on degassing (experiment 285) at 1760° 
C., 40 cu. mm. of gas came off in 2 min. It consisted of nitrogen 22 
per cent, carbon monoxide 76 per cent. The rapidity with which this 
gas comes off can be explained by the fact that it is absorbed only on the 
surface of the sample. 


PERMANENCE OF DEGASSING 


One of the most striking things found in this investigation of molyb- 
denum was that a sample once degassed stays degassed, if proper precau- 
tions are taken. The most important requirement is to avoid paeiies 
the sample, as shown in the preceding section. 

If precautions are taken, and the sample handled with tweezers and 
kept wrapped in condenser paper, the surface contamination is reduced to 


' ‘ie J ¥ 
sa pe le 
= ——— Cag ret 


tweezers aie an piece: in ere mil ¢ 
On degassing this sample in the regular manner : 
the results shown in Table 4 were obtained. 


Tape 4.—Experiment No. 104, Sample 70 Mils Thick — -. ts : ’ 


Gas Evolved, | True Temp., Time for Complete 
~ Cu. Mm. (NTP) Deg. C. Degassing, . 


Total 1.92 | 

Similar results were obtained for a sample which had been degassed, 
taken out, caustic-dipped, washed in water and alcohol, and degassed 
again. This sample weighed 4.9415 g. before caustic dip, 4.8900 g. 
after caustic dip; 7. e., 0.0515 loss on NaOH dipping, or 1.04 per cent loss. 
The original sample was 72 mils thick; the edge area makes up 24 per 
cent of the total surface area. Hence the caustic dip, assuming uniform 
attack, reduced the 72 mils thickness by 0.76 X 0.0104 X 72 = 0.58 
mils. ‘The removal of this thickness of molybdenum had the result shown 
in Table 5 on the amount of gas at the second degassing. This indicates 
that the gas has been removed at least to a depth of 0.58 mils. The 
question of the depth to which degassing has proceeded is discussed in 
the following section. 


TaBLE 5.—Experiment No. 24 


| Gas Composition, Per Cent 


Gas Evolved, True Temp., Time for | 
Cu. Mm. (NTP) Deg. C Degassing, Min. . N: . co 
| | } 
1.3 1760 | 3 | 87 | 13 
| { 


Two other experiments may be cited in which the samples were not 
taken from the apparattis, but exposed to wet air after degassing and then 
degassed the second time. Small amounts of gas were obtained, corre- 
sponding closely to a monomolecular layer. The sample of experiment 
103 had stood in contact with the atmosphere for 15 hr., experiment 
110 for 40 hr. The 0.25 cu. mm. of gas from ernchneed 110 was 57 
per cent N», 43 per cent CO. This, incidentally, represents the smallest 
amount of gas that was analyzed. 


7An Arsem furnace is a vacuum furnace heated by a carbon resistor. 


Gad Caxipelition SpanConet? ’ i 


4 
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’ 


| Gas Evolved, 


— > i ts 2 7G 
True Temp. | Time for C 
Deg. C. Degassing 


* Regular bake-out procedure, glass at 450° C., quartz and sample at 800° C. 


In Langmuir’s paper on the absorption of gases by glass, mica and — 
platinum,*® he shows that for an average molecular diameter of 3 X 10-8 
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Fic. 7.—TIMB OF COMPLETE DEGASSING FOR SAMPLES OF VARIOUS THICKNESSES. 
Molybdenum ring 7%¢-in. inside diameter, 7-in. outside diameter, 1760° true 
temperature. 
em., a monomolecular layer over 1 sq. cm. of surface corresponds to 
0.04 cu. mm. gas (NTP). The samples of molybdenum used in this 
investigation had a total surface area, (from the gross dimensions) of 
7.65 sq. em. which should give 0.306 cu. mm. of gas for a monomolecular 


8 Langmuir: Jnl. Amer. Chem. Soc. (1918) 40, 1361. 
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ie rata of various degrees ‘of purity. An analysis was made. of 
_ the atmosphere of the tungsten furnace when it was operating at 2000° C. . 
_ and a vacuum of 6 microns, as follows: H2, 86.5 per cent; No, 8 per 
cent; CO, 3.5 per cent; COz, 2 per cent. 
— _ Degassing in Arsem Vacuum Furnace-——Samples of molybdenum, 73 — 
mils thick, caustic-dipped, were first degassed in an Arsem fence 
taken out, using care in handling, and degassed == in the quartz 
apparatus. The results are given in Table 7 
_ Tungsten Vacuum Furnace.—In order to EES better vacuum than is 
possible in an Arsem furnace, an iron-jacketed vacuum furnace with a 
tungsten heater was set up. The heating unit consisted of a wire cage, 


—_ 


q of about 75 pieces of 80-mil tungsten wire, on supports of copper brazed in 
iron. The supports were water-cooled. The best vacuum obtained in 
this furnace was 5 microns measured on a Hale-Pirani gage while the 3 


furnace was at 1950° C. and 2 microns at 1800° C. (Table 8.) 
_ Hydrogen Firing.—It was found that samples fired in a tube hydrogen ; 
-- furnace at atmospheric pressure and 2000° C. gave off less gas on subse- £ 
quent degassing than was present in unfired samples. The degassing 
time was not very different. (Table 9.) 

It is noteworthy that hydrogen was not found in the gas from these 
hydrogen-fired samples. The explanation is to be found in the ease with 
which hydrogen comes off, so that undoubtedly it was given off during 
the 800° bake-out of the quartz and sample. 

Experiments were then performed with purified hydrogen. The line 
hydrogen was passed through a liquid-air trap over heated platinized 
asbestos and through a second liquid-air trap. It was then led into the 
bottom of the quartz container and past the sample, at atmospheric 
pressure and a rate of about 4 ¢.c. per minute. The sample was kept 

heated by high frequency during this time. The quartz lead in tube was 
then sealed off, system evacuated and regular bake-out and degassing in - 
vacuo followed. 

In experiment 153 a sample was fired at 1600° C. for 1 hr. in purified 
line hydrogen at atmospheric pressure. On degassing it gave off 2.38 cu. 
mm. of gas in 25 min., the gas being 89 per cent N2 and 11 per cent CO. 
In experiment 156, another sample was fired in the same way at 1740° 
C. It evolved 2.0 cu. mm. of gas, 16 per cent Ne, 69 per cent CO and 15 
per cent COs. 

Attempts were then made to obtain still purer hydrogen. A small, 
thin-walled palladium tube was attached to the bottom of the quartz 
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4.87) 6 

4.85 91° 9 ; 

5.25 70 30 

5.35 81 16 3 

6.05 pei 

6.07 

6.07 59 36 5 

7.70 63 29 se 

8.60 OF, We 5 

Average.... 25 | ee OF 07, | 


container by a graded seal. Surrounding this was a quartz tube, which 
had no connection to the quartz sample container, but served to conduct _ 
hydrogen past the palladium tube. A small tube furnace surrounded it 
and was kept at 1100° C. At this temperature, hydrogen was able to ‘ 
diffuse through and past the molybdenum sample, which was heated by 


a yf 
- 4; 
1 TaBLeE 10.—Heating in Hydrogen Diffused through Palladium ¥ 
2 Heating in He Degassing Sample in Quartz P 
= ; 
F ," Gas composer vt 
4 “Al - 8 - A t er Cen ; 
d Experiment No. Fregeute, aes Time, Hr. xtared of Cae, ' 
r ee Deg. C. Deg. C. Cu. Mm 
Ne co CO: 
an 138 50 1600 1 1070 0.32 
1760 1.00 75 25 
Total 1.32 
140 50 1740. L | 1180 -| 0.68 61 39 
: 1760 | 0.46 60 36 4 
| "Total 1.14 
149 | 50 1740 1 1760 | 0.36 73 27 


high frequency. The pressure inside the system was kept at two-thirds of 
an atmosphere, to obtain a faster stream of hydrogen. In the best 
experiment, No. 149, the gas evolved is of the order of a monomolec- 
ular layer. 

Summary of Five Methods.—The fave methods just discussed are 
summarized in Table 11. The “percentage of total gas removed,” 


2 


TaBLeE 11.—Effect of Treatment of M ede on Gas o 
Gas Left in Molybdenum, 
Cu. Mm. , 


Method 


Average Lowest Value | 
1. Hydrogen firing, tube furnace, 1 atm...... 6.07 
2) Arsem vacuum furnaces... ...-s9-----.-- 4.86 
3. Tungsten vacuum furnace...........--.- 4.16 
4. Purified line hydrogen, 1 atm............ Ze19 
5. Line hydrogen diffused through heated pal- 
MENON SAMs She odnaomeouc |e. 0.94 


DEGREE OF VOLUME DEGASSING 


The preceding experiments have suggested that.the gas comes from 
the interior of the sample. This idea is supported when the time required 


CURVE A, SAMPLE CUT; THEN DEGASSE: 
CURVE 8B" SAMPLE DEGASSED, SURFA 
100 CUT OFF DEGASSED AGAIN 


ah 
PN 


FEHINSeE aaah 


DEPTH OF CUT MILS 


MNM3 GAS N.7-P 


ae 8. —GAS EVOLVED AT RARIOUS DEPTHS. 


Molybdenum ring 7% ¢-in. inside diameter 8-In. outside di igi 
mils thick. 1760° C. ne temperature. me pps cage NE 


for complete degassing is compared with the thickness of the sample 
(Fig. 7). The data in Fig. 7 are all for the standard sized ring, degassed 
at 1760° C. The fact that a volume and not a surface relationship is 
involved is also indicated by the relative change in thickness, surface area 
and degassing time in going from a 25-mil to a 250-mil sample. 
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ses, takin q m each 
sed by standard Aetes eee pee set 
first degassed, the surface cut down to various 
es degassed again. All were subjected to identical aC 
possible. All were from one stock piece of molybdenum. 
é _ caustic-dipped to avoid heating, but the scale on the origin 
piece was cut off on the lathe, bringing it to 227 mils. The samp! 
washed after cutting, in benzol then in alcohol and dried without touch: i 

The results are given in Table 12 and in Fig. 8. These indicate that 
the degassing has reached about 90 mils = 0.090 in. into the sample, for < 
at that point the amount of gas given off was the same whether or not 
> the sample had a preliminary degassing. : 
te The amount of gas present in the undegassed samples is proportional — 
= to the thickness of the sample, which is positive proof that we are —a 
7} _ with gas inside in the metal. . 


imag, sche 


x DEGASSING OF TUNGSTEN 
: Several tungsten rings were degassed in a high vacuum at tempera- 


tures ranging from 1400° to 2600° C. (Table 13.) “ss 
TABLE 13.—Degassing of Tungsten ; 


Gas G f Cu. C 
pees ne: NT Tungsten, S pak a ee Thickness, Mils. Mp ‘Tungsten, 
<2 | r 
5.94 | 0.41 0.000051 | 83 | 0.0077 
3.33 | 0.23 0.000029 83 0.0042 
Amounts oF Gas Evotvep From 14.5-Gram SAMPLE 
: Tp g : Composition of Gas, Cu. Mm. . 
Progggment| glare, | Heating, : —— 
eno C: Nini ly aber co CO: Ne te: 
169 1410 15 0.07 0.36 0.05 0.55 1.04 
1740 | 50 0.61 0.36 1.80 2.78 
O14 ye" S65 oe 0.91 0.03 0.65 1.59 
2490 | 25 0.53 0.53 
Total..... | | 0.07 2.41 0.44 3.0 5.94 
172 1440 20 0.09 0.46 0.49 1.04 
1740 50 0.13 1.31 1.44 
2130 25 0.29 0.44 0.73 
2430 | 20 0.12 0.12 
2610 | 15 0.02 
Totals on, | | 0.09 1.00 2.24 3.33 
ee Ee 


ag ee ee ; 
on after degassing had been comp < 
i as obtained from a sample of tungsten ranges from 15 to 
nt of that obtained from a similar sample of molybdenum. 


- Decassine or NICKEL 


; 1030° C., nickel has the same vapor pressure as molybdenum 
0° C. (approx. 0.003 microns) and this is the highest temperature at — 
ch nickel can be maintained for a long period in a high vacuum with- 

out noticeable evaporation. eos fi 
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Fig. 9.—DEGASSING OF ELECTROLYTIC NICKEL. 
lp = 2.8cu.mm. Sample weight 4.5 grams. 


The first sample examined was taken from a nickel ingot which had 
been made from electrolytic nickel by vacuum-melting in an alumina. 
-erucible. The ring had an internal diameter of 7%» in. and an external 
~ diameter of 7g in. and was 250 mils thick. In 5 min. at 950° C. 10 microns 

of gas were evolved and in a subsequent 45 min., 0.6 microns. The next 
sample was made from electrolytic nickel and was 71 mils thick. (Table 
---'14.) ~‘The sample in the last experiment evaporated more rapidly on 
one side than the other and finally melted at this spot and open circuited 
the ring. 


DEGASSING OF CARBON 


These experiments deal with the degassing of tungar anodes, which 
are made from Acheson graphite and are 2349-in. dia. and 14 in. thick. 
The samples were all given a preliminary firing in a hydrogen furnace 
at 1500° C. and subsequently heated in an Arsem vacuum furnace at 


26 THE DEGASSING OF METALS 
TasLE 14.—Degassing of Nickel 
Amount of Gas, Cu. Mm. 
Temperature, Time, Min. 5 = 
noes | He | co | CO: | Nz | Total 
Ring 250 Mits Turck (16 Grams) 
950 5 37 AP Ss Sibu De Nae Ode ee ue 
45 ee 
1050 35 ’ 2.8 no visible distillation 
3.1 } 4.8 
1170 20 || 2.3 distillation 
1090 400 8.4 1.0} 9.4 
Ring 71 Mins Turck (4.5 Grams) 
1100 177) Let), 45 Ano 6351 poem 
730 14220 AVS 8. 0 | 16.3 
1200 240 1.6 Sass OMo ute Oi len welt g) 


1800° C. Some of the samples were again fired in hydrogen in the degass- 
ing apparatus before degassing in an attempt to remove absorbed oxygen. 


TaBLE 15.—Degassing of Carbon (6.2 Grams) 


eeSerinent = Apparatus Firing 5 | Temper- Gas Evolved, Cu. Mm. 
Impure | Pure | Temp., | Time, | ature, | l 
‘ No. | fe i : | Brose. Deg. CG. Hr. | Deg. G. | Total | He | CO | CO: Ne 
206 cai | | | | 1680 | 8.0 | 3.21 4.1] | 0.7 
| | * 2090 | 3.1 LO. 7) Ont 2e3 
| | | | ——— eel] 
203 * | 1640 18.4 11.2 6.1 0.6, 0.6 
| 91.00 aesan 1,300.3) Br4 
| | | ees Ec 
278 bt a Nees 50n | 1000 1 1330 |26.8 |18.9/11.8] 1.1} 
| 1640 | 3.7 | 1.1) 1.8] 0.2] 0.6 
1950 | 3.1 | 0.3} 0.4] 0.1) 2.2 
| | . hy Yaa ae | OF tO Late: 
Seiten ——|——_|——__|__ 
256 Y ell hy 1000 | 1 1020 11.3 | 8.4| 1.7) 0.5] 0.8 
| 1230 |20.2 [12.9] 5.7 | 2.4 
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* Denotes treatment in column heading. 
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Fie. 10.—DEGASSING OF GRAPHITE. 


nantly nitrogen. A piece of graphite which has been degassed com- - 


pletely on subsequent exposure to air absorbs oxygen and some of this 
is so firmly bound that it is only desorbed as carbon monoxide on sub- 
sequent heating to 2150° C. 


ABSORPTION OF NITROGEN AND CARBON MONOXIDE BY MOLYBDENUM AND 
TUNGSTEN 


A degassed sample of molybdenum was heated in the air by means of 
atomic hydrogen flame, which melted the edge of a sample entirely around 
the circumference, but left it still in the form of a ring. This was then 
caustic-dipped and the regular degassing procedure applied. The sample 
then evolved 108.8 cu. mm. of gas at 1760° C. This gas was 96 per cent 
N. and 4 per cent CO». In the first 5 min. of heating in vacuo, 92 cu. 
mm. came off, and an hour longer was required for complete degassing. 

In order to study more closely the taking up of gases by molybdenum 
and tungsten at high temperatures, a new series of experiments was 
performed. Degassed samples, 70 mils thick, were heated in the quartz 
chamber by high frequency in dry nitrogen and carbon monoxide, varying 
temperature, time of heating and pressure of the gas. The system was 
then pumped out, baked out if necessary, and the sample heated again in a 
very good vacuum, collecting and measuring the gas evolved from it. 


Bibad from the eee ae 2 pie of eee iy 
For tungsten AH = 74,700 
molybdenum AH = 38, 500 


The solubility increases rapidly with increasing temperature. ee 
The desorption of nitrogen from tungsten and molybdenum is a © 
iffusion process and hence must obey Fick’s law of diffusion 


| Lde_ @e | 
eo Kd dz 
This equation on integration shows that _ 


log © To Kt 
and also that 
log \ « Kt 
If the logarithm of the rate of gas evolution at any fixed temperature is 
plotted as a function of time a straighttineisobtained. The variation of 


the slope of this line as a function of temperature is determined by the 
variation of the diffusion constant with temperature. 


A 
log K = Fee + B. 


For tungsten A = —50,500 cal. 
molybdenum A = —26,600 cal. 


At 1760° C. it was possible to saturate a 75-mil sample of molybdenum 
with nitrogen at 1 atm. pressure in 30 min. The time necessary for 
saturation with carbon monoxide appeared to be very much longer. For 
a 4-hr. heating period the amount of carbon monoxide absorbed was a 
linear function of time with no sign of saturation. At 1760° C. molyb- 
denum absorbed in 30 min. eight times as much nitrogen as carbon 


monoxide and the nitrogen was desorbed i in one-half the time taken by the 
carbon monoxide. 
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ce Influence of Gases on Metals and Influence of Melting in 
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By WiuHetm Roun,} Hanav, Germany 
(New York Meeting, February, 1932) 


In eee the influence of a content of gases on metals and alloys 


‘we should probably first consider the physical and chemical conditions 
under which these gases may be present. By a chemical analysis, 


such as the total extraction of gases from the liquid metal by melting 
in a graphite crucible in vacuo, we find only the sum of gaseous chemical 
elements contained in the metal in any form and no reference is made to 
the special form under which they have been present previously. 


CoNDITION oF GaAsES IN METALS 


In considering gases in metals we may first turn our attention to 
gases simply dissolved. Because the solubility of almost any gas 
decreases suddenly at the freezing point, most of them are released 
during solidification, developing rise of ingots and blowholes. If only 
a little gas is dissolved in the molten metal the size of such blowholes 
may be miscroscopical, or even submicroscopical, resulting in a certain 
reduction of the notched-bar impact test values. Hydrogen is believed 
to become less soluble as the temperature is lowered and therefore 
increasing quantities of this gas may be evolved during cooling between 
the freezing point and room temperature, leading to unsoundness of the 
ingot at weak spots; 7.e., at the grain boundaries. This gas at the grain 
boundaries probably is present at high pressure and therefore impairs 
the mechanical properties to a degree similar to that found in the hydro- 
gen embrittlement of copper. Usually we may trace such gases by 


observing rising ingots, or at least by the formation of a characteristic 


pattern of small grooves upon etching. 

Another condition of gases present within metals is that of chemical 
compounds, the most common being oxides and mostly present as slag 
inclusions of various kinds. If such oxides are insoluble in the liquid 
metal and emulsify with it, we find microscopical or submicroscopical slag 
inclusions distributed homogeneously throughout the metal and spread 
through the whole mass of the crystals. This special form does little 
harm to the mechanical properties. Some oxides are somewhat soluble 


* Printed without author’s corrections. Subject to revision. 
+ Director, Heraeus Vacuumschmelze, A. G. 
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in the liquid metal, but less in the solid state and these t i o1 
late during solidification in the grain boundaries, result 5 ir 
crystalline brittleness. This may be regarded as the most unfa 


influence of gases in metals. By the addition of some manganese or _ = ; 
silicon for the purpose of deoxidation we try to alter the nature of the __ 
- oxides by transforming soluble oxides into insoluble ones that form the ; 
less harmful emulsion. If we could keep the liquid metal quiet for a 
sufficiently long time, these insoluble oxides would rise to the surface 
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and adhere there to the slag layer covering the metal bath; unfortunately 
such quiescence is, in the usual melting practice, connected with an 
additional contamination of the metal through the formation of addi- 
tional oxide. 

In this connection, sulfur also may be regarded as a gas, because 
sulfur would be a vapor at melting temperature. This element gives one 
of the most typical illustrations of a partly soluble compound when 
present in molten nickel and later brought out as brittle layers between 
the crystal grains during solidification. An addition of manganese results 
in the formation of manganese sulfide, which shows a decreased solu- 
bility of the sulfide in the molten metal and therefore improves the 
workability. By adding a small amount of magnesium, a magnesium 
sulfide is formed, which is nearly completely insoluble in the molten 
nickel and thus forms the type of emulsion that influences the mechanical 


properties very slightly, if at all, resulting in the remarkable improvement 
in workability. 


Causks oF GasEs IN METALS 


If the metal has been treated carefully during melting and before 
pouring, both these effects of gases may be easily avoided. The second 
kind_is developed during the total oxygen analysis by the chemical 
reaction between the oxides and the graphite of the crucible or the carbon 
content of the pig iron we usually add to decrease the melting point of the 
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mixture. We would scarcely find this kind of gas when simply melting 


the test piece in a crucible of alumina unless the vacuum is sufficient to 
decompose physically some of the oxides present in the molten metal. 
This spontaneous decomposition of oxides occurs, however, with cuprous 
oxide (CuO) even at 1100° C. and below 7 mm. mercury pressure; with 
nickel oxide it occurs at 1500° and 6 mm. mercury pressure, while even 
iron oxide is decomposed at 1600° C. and a pressure below 2 to 3 mm. 
The partial pressure of oxygen above the oxides of copper and nickel 
under equilibrium conditions at increasing temperatures is shown in 
Figs. 1 and 2. Probably even the oxides of manganese would decompose 
partly or totally at pressures below those usually applied on this special 
analysis, as for instance 1499 mm. at 1600° C. By stepwise decreasing 
the pressure during the analysis, it may become possible in the future to 
determine with which chemical element of an alloy the oxygen has been 
actually combined. Special care has to be given that no oxygen may be 
developed by chemical reaction between a crucible containing alumina or 
silicon dioxide and traces of carbon possibly present in the metal to 
be analyzed. 

There is still another reason to be considered for the development of 
gases during analysis. We should not forget that no product of a com- 
mercial melting process has ever reached an actual equilibrium and even 
if this by chance should occur during melting at some special temperature, 
such equilibrium would be disturbed at once as soon as the metal 
cooled for solidification. Really, by far the major part of the gases we 


- may find by analysis result from a continuation of chemical reactions 


which were uncompleted during the original melting process. We are 
very well aware that mild steel usually contains about 0.07 to 0.02 per 
cent C as well as 0.03 to 0.08 per cent O at the same time, although if 
complete equilibrium were attained, one of them should have practically 
disappeared, and only the excess of the other one should remain. The 
relative proportions of these two elements in commercial metals depends 
entirely upon the specific conditions of the preceding melting process. 
It is very easy to understand that remelting under varied conditions— 
eé. g., melting under reduced pressure for gas analysis purposes—alters 


the equilibrium because of the removal of the gas phase and must there- 


fore unavoidably lead to a remarkable development of gases, and here 
we have the real origin of most of the gases we find by the usual method 
of gas analysis. It is known, from previous experiments involving the 
magnetic properties of iron impaired as well by carbon as by oxygen, 
that, annealing for a long time under reduced pressure enables carbon 
and oxygen to react together with a certain volatilization of both as 
carbon monoxide. 

Figs. 3 and 4 show the amount and the composition of gases een 
out by melting in a vacuum furnace from charges weighing 3500 kg. each. 


_ charge see tre tate but clon the rate incre =: 
: "showing that these gases result from chemical reactions, wh 
more complete under vacuum conditions. By far the great 
of the gas is carbon monoxide, which probably comes from a reactior 
between traces of carbon and of oxides contained in the raw ma ateri 
‘The hydrogen, on the other hand, may at least partly result from. trac 
of water vapor and moisture decomposed by the hot metal. 
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Fias. 3 anp 4.—AMOUNT AND COMPOSITION OF GASES DRIVEN OUT BY MELTING IN A 
VACUUM FURNACE. 
Fig. 8.—Charge: 3500 kg., of which 1500 kg. was first melted in vacuo. .New 
material was 2000 kg. Ni and Cr. Total amount of gas = 5200 cu. dm. = 2.6 cu. 


. dm. per kg. 

_ Fie. 4—Charge: 3500 kg., of which 500 kg. was first melted in vacuo. New 

1 material was 2500 kg. Ni and 500 kg. Cr. Total amount of gas = 4000 cu. dm. = BN 
f about 1.35 cu. dm. per kg. 


MELTING 1n Vacuo 


To regard somewhat more in detail the effect of commercially melting 
steel and other metals and alloys in vacuo, we have to consider three 
kinds of gases separately. The first group is typified by hydrogen 
dissolved in palladium, hydrogen contained in electrolytic iron (some- 
what similar to that found in iron after pickling) or perhaps exemplified 
by oxygen dissolved in molten silver or sulfur dioxide in molten copper. 
A part of these gases simply comes out during melting in vacuo, prin- 
cipally just as the solid metal changes to the liquid; another part is given 
off during solidification. For this reason such metals should be melted 
in vacuo, allowed to solidify again and afterwards remelted and cast 
in vacuo to avoid any contamination by further influence of air of 
furnace gases. 

The second kind of gases is much more difficult to bring out; as 
mentioned above, some oxides are decomposed by the simple infhiegee 
of a vacuum treatment under a sufficiently reduced pressure. In this 


pla er, nickel or iron may be easily purified. For example, — 
cuum-melted copper does not contain any oxygen and for this reason 
__ it is never sensitive to hydrogen embrittlement. 

But it seems to be very improbable that we shall be able in the near 
future to carry out vacuum melting on a commercial scale at such a 
reduced pressure as to decompose even the oxides of chromium, silicon 
oraluminum. Chromium oxide (Cr203) seems to be insoluble in molten 

steel and does not so much harm the mechanical qualities of the finished 
metal, so that chromium might be used as a deoxidizer to a greater 
extent, provided that no silicon is present. To remove such oxides, 

_ the only way at present seems to be the application of strong reduc- 
ing elements such as hydrogen or carbon, the excess of which is to be 
removed afterwards. 

For such metals, melting in vacuo offers a further advantage in ena- 
bling us to keep the metal quiet for a long time (allowing the particles of 
oxides and slag to rise to the surface) without contamination by air. 
Just this possibility of keeping a molten metal quiet for a period as long — 
as may be desired without any contamination may be regarded as an 
important advantage of vacuum melting. 

Such an improvement is not achieved by simply putting a ladle 
containing liquid metal under an evacuated bell, as sometimes suggested 
in the past, because the metal cools too quickly to permit an effective 
vacuum treatment for a sufficiently long time. Therefore for this 
purpose it is necessary to employ actual vacuum melting, in a vacuum 
furnace, which allows the metal to be heated up in vacuo and to be kept 
hot for a sufficiently long time. 

In the case of the third type of gas content, we can expect the most 
direct and visible influence of a vacuum treatment, because the chemical 
reactions, the products of which are gaseous, become more complete and 
the real equilibrium is much more nearly reached. In a steel containing 
carbon and oxygen or oxides at the samé time we may be sure that one 
of them will disappear nearly completely. Any excess of oxygen can be 
taken off afterwards by reducing the pressure below 2 mm., providing 
that no oxides of silicon or aluminium are present. A remaining excess 
of carbon can be taken off only by addition of oxygen, any excess of 
which must be removed afterwards as described above. 


ADVANTAGES OF VAcuuM MELTING CONFIRMED BY Impact TEST 


The improvement of metals and alloys by melting in vacuo can be con- 
firmed by the increased values of a notched-bar impact test. Test pieces 
taken from various different points of the cross-section of an ingot produced 
by carrying out melting and casting in vacuo show more uniform values 
and a higher average than those taken from an ingot of the same size cast 
from the same melt but without vacuum treatment. In some cases the 


20 to 35 per cent, compared to values obtained from the same melt 
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values of noteheck BNE impact test of pieces taken from ae ingot S 
selves showed an increase of 40 to 100 per cent, while even sas 
for a total reduction of more than 20 or 30 times the increase was still 


but without treatment under vacuum. A similar improvement isshown 
by a fatigue test. Some actual values may be given which were obtained 
on a nickel-chromium alloy containing 15 per cent Cr, 20 per cent Fe, 
2 per cent Mn, 63 per cent Ni. Such an alloy was melted with special _ 
care in an are furnace and cast to an ingot of 300 kg. From different 
points of the cross-section notched-bar impact test pieces 60 by 10 by 10 
mm. (corresponding to the small Charpy test piece) were taken, and an 
average of 3.4 m-kg. per sq. cm. was found. The rest of this ingot was 
then rolled from 200 mm. dia. to 15 mm. and from this rolled rod another 
series of tests was made averaging 11.8 m-kg. persq.cm. The same alloy 
was melted in vacuo from exactly the same raw materials and cast to 
ingots of exactly the same size. If the rate of solidification was slow, 
by casting in a ceramic mold test pieces from various points of the cross- 
section gave an average of 11.4 m-kg. per sq. em. and if casting was 
carried out in a water-cooled copper mold the results averaged to 13.9 
m-kg per sq. cm. Parts of these ingots rolled from 200 to 15 mm dia. 
showed values of 22 and 26 m-kg per sq. cm. respectively. The vacuum- 
melted material is proved therefore to be far superior in every condition; 
as cast as well as in the rolled condition. 


PractTicaAL APPLICATION OF VAcuUM MELTING 


To raise, finally, the question as to whether it might be possible to 
introduce vacuum melting into actual practice in the not too far distant 
future, it must be said that it seems to be impossible because of cost, if 
we start with cold charges. Even with furnaces for 4 tons, two of them 
having been now in constant use for about nine years, the increase in 
melting costs amounts to about ten cents per pound of ingots, which 
doubtlessly is a prohibitive figure for ordinary melting practice. But 
the technique has been developed so far that it would be possible to start 
such furnaces with molten metal from other sources, carrying out only 
the last refinement and the casting in the vacuum furnace. Under such 
conditions the increase of costs may be expected to be reduced to between 
one and two cents per pound, and such a figure may perhaps pay for some 
special purposes, where an increased quality is more essential than a 
somewhat higher price. The present technique of vacuum melting has 
been developed far enough to be introduced now for such special purposes, 
and perhaps we may expect that soon steels and alloys for special and 
highly important parts (such as blading for turbines, tubing for super- 
heaters for highest pressures and temperatures and parts of airplanes) 
may be produced by vacuum melting. — 


“Influence of Gases on Metals and Influence of Melting in 
Vacuo* 


By Wi.HEetm J. P. Roun,t Hanav, GERMANY 
(New York Meeting, February, 1932) 


ABSTRACT 


WHEN a metal solidifies, gas, initially present in solution, may be 
concentrated at the grain boundaries, leading to brittleness, orit may form 
solid compounds which, if localized at the grain boundaries, impair the 
properties. On the other hand, the solid compounds formed sometimes 
distribute themselves more or less uniformly, and hence may be 
relatively harmless. 

If metallic oxides are heated under a partial oxygen pressure less than 
that corresponding to the dissociation pressure of the oxide in solution 
in the melt, they will decompose and oxygen will tend to be eliminated 
from the melt. This paper presents data on the partial oxygen pressures 
of copper and nickel oxides over a wide range of temperatures; it also 
presents data regarding the amount and nature of the gases evolved in 
the vacuum melting of a 3500-kg. charge of nickel-chromium alloy and 


‘gives test values indicating the improvement in impact values ascribed 


to vacuum melting. 

The results of commercial experience with a 4-ton vacuum melting 
and casting furnace indicate that this method entails an increase in cost 
of about 10 cents per pound of ingot over orthodox practice, which may 
be justified for special products and may be lowered if hot metal is charged 
into the vacuum furnace. 


DISCUSSION 
(Howard Scott presiding) 


J. H. Scarr, New York, N. Y. (written discussion).—In the section of Dr. Rohn’s 
paper describing the effect of melting metals in vacuo, he says, ‘‘In this way plain 
copper, nickel and iron may be easily purified. For example, vacuum-melted copper 
does not contain any oxygen and for this reason it is never sensitive to hydrogen 
embrittlement.’’ This statement is contrary to the results of our experiments at the 
Bell Telephone Laboratories on the effect of vacuum melting on the properties of 
copper. Several 150-gram samples of tough-pitch copper were melted in a vacuum of 
the order of 1 X 10-5 to 1 X 107° mm. Hg for 2hr. Portions of the ingots obtained 
were swaged to 0.100 in., then drawn to wire 0.050 in. in diameter for physical and 


* This paper is available at the office of the Institute as Technical Publication 
No. 470. 
+ Director, Heraeus Vacuumschmelze, A. G. 
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e The speci 
see in this way were anes at 8 
showing that the oxygen had not been removed by 
These results can be explained as follows: Even hough the press 
above pure cuprous oxide may be of the order of 1 mm. Hg at the meltin 
copper, the oxide is soluble in molten copper and the pressure of oxygen 
dissolved cuprous oxide is much lower than that over pure material. We bene i 
pressure of oxygen above copper containing 0.04 per cent oxygen must be below — 
1 X 10-' mm. Hg. 


R. C. Dauzey, Trenton, N. J.—I presume that the vapor-pressure curve given in 
Fig. 1 is that of CuO, not Cu,O0. If the former, it has no bearing on oxide in molten 
copper, as it is well established that CuO is completely converted to CuO below 
1087° C. If the curve is actually supposed to be that of Cu20, I fear that Dr. Rohn 
has chosen an unreliable authority (which he does not give). The references on this 
point are covered in A.I.M.E. Tech. Pub. 478, by O. W. Ellis. I am inclined to suspect 
that the curve for nickel oxide may be as erroneous, but have not looked into this. 

Dr. Rohn states further, on page 7, that vacuum-melted copper does not contain 
any oxygen, and for this reason is not subject to hydrogen embrittlement. He has 
been misinformed on this subject as well. I have seen copper that has been melted a 
and cast in vacuum which most certainly did contain oxide, and was just as susceptible 
to hydrogen embrittlement as ordinary copper. 


W. J. P. Roun (written discussion).—It is difficult for the author to give any 
definite suggestion with regard to the discrepancy between the results about hydrogen 
embrittlement of vacuum-melted copper that were obtained by Mr. Scaff and Mr. 
Dalzell and those obtained by himself, inasmuch as such results may be widely influ- ‘ 
enced by small incidental impurities. Actually the author found a copper carefully 
melted in vacuo as not being subject to hydrogen embrittlement, and such copper was 
for some time in commercial use for purposes where hydrogen embrittlement had a 
to be avoided. 

The author is especially glad to learn from other A.I.M.E. papers that important 
investigators agree that in metals the actual solubility of gases as such is at least very 
small and that most of the gases developed under fusion in vacuo result from 
chemical reactions. 


Preprint.—American Institute of 
Mining and Metallurgical Engineers. u 


Some Metallurgical Characteristics of Induction Furnaces as 
Determined by the Absorption of Oxygen by Molten 
Nickel 


By F. R. Hensen,* Prrrspurcu, Pa. ann J. A. Scorr,+ Harrison, N. J. 
(New York Meeting, February, 1932) 


Tux absorption of oxygen by molten metals is a quick and convincing 
method to determine the metallurgical characteristics of various types of 
furnaces.! The investigation was restricted to the use of coreless induc- 
tion furnaces. A major variable in induction furnace practice is the 
frequency and its influence was studied by comparing melts made in a 
5000-cycle and a 60-cycle induction furnace respectively.2. The authors 
are not aware that such a comparative study has been made before and 
therefore present this paper in the belief that the results will be of gen- 
eral interest. 


ANALYTICAL METHODS FOR DETERMINATION OF OXYGEN IN NICKEL 


An analytical procedure for determining NiO by a quick and simple 
laboratory method has been worked out in collaboration with Dr. Herty 
of the Pittsburgh Station of the Bureau of Mines. It was found that 
Dr. Herty’s aluminum method as used for the determination of FeO 
in iron and steel was very suitable for use with nickel if instead of hydro- 
chloric acid a 10 per cent solution of nitric acid is used for bringing the 
metal into solution. Essentially this method involves deoxidizing the 
nickel-oxygen alloy with aluminum (2Al]l + 3NiO = Al.O; + 3Ni) and 
determining the resulting Al.O; by a residue analysis. The original 
oxygen content can then be calculated from the amount of Al,O;. The 
method as suggested by Dr. Herty* is referred to in the present paper 
as method B. A slight modification of method B led to the application of 
method A, a description of which is given below according to F. W. Beiter{:3 


The sample, the size of which is regulated by the amount of Al.O3 present, is 
treated with 55 c.c. of 10 per cent HNO; for each 2 grams taken, and heated to about 


* Group Engineer, General Metallurgical Group, Westinghouse Research Labo- 
ratories. 

+ Driver-Harris Co. 

t Analyst in the Chemical Division, Westinghouse Research Laboratories. 

1C. H. Herty, Jr.: Carnegie Inst. of Tech. Bull. 34, 36, 37, 38, 44, 46, 51. 

2 Nickel was chosen as test material for the experimental melts because the 60- 
cycle furnace was used commercially for the production of nickel and nickel alloys. 

3A detailed description of the method is given in Trans. A. I. M. E., Iron and 
Steel Div. (1930) 28-44. 
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70° C. overnight. In the morning 1 ¢.c. of strong HNO; is added for each 2 grams of 
sample and the heating continued till the next morning. At this time the sample 
should all be in solution and the acidity of the liquid will be about 2 per cent. 

After filtering through a close paper, with paper pulp added, washing well with 
cold H.O, igniting and weighing (per cent residue), the residue is fused, with 15 times 
its weight of Na,COs, for 14 hr. The soluble part of the fusion is now extracted with 
100 c.c. HO and the solution filtered. The residue is ignited and again fused with 
Na»CO; for 14 hr. After leaching and filtering into beaker containing the original 
filtrate, the residue is ignited, and if it is light in color or weighs more than 5 mg. it 1s 
fused with KHSO, and the solution tested for Al,O; by the phosphate method. 

The Na»CO; solution from the two fusions is made acid with HCl, evaporated to 
dryness to dehydrate the silica and taken up with 25 e.c. 1:1 HCl and 50 c.c. H.0. 
The silica is then filtered off and the Al,O; precipitated with NHs,OH in slight excess 
After filtering the precipitate is dissolved in 100 ¢.c. of 5 per cent HCl and a second 
precipitation carried out with NH,OH. After filtering and washing well with 3 per 
cent NHsNO; ignite and weigh as AlsOs. 


The analytical problem was attacked in another way by W. C. 
Weltman, Analyst in the Chemical Division, Westinghouse Research 
Laboratories, with the object of finding an electrolytic method for deter- 
mining Al,O3. His report of the results is as follows: 


The method is based on the U. 8. Bureau of Mines’ procedure for the determina- 
tion of nonmetallic inclusions in iron and steel. For iron and steel the electrolyte 
consists of an aqueous solution of ferrous sulfate plus sodium chloride. Therefore, 
in attacking this problem the first electrolyte used consisted of an aqueous solution of 
nickelous sulfate plus sodium chloride. This proved unsatisfactory because the pH 
of the nickel sulfate electrolyte rises rapidly from its original value of about 4 to 7.5, 
resulting in the precipitation of a heavy sludge of nickelous hydroxide plus basic 
nickel sulfate. The nickel content of the electrolyte decreased in 16 hr. from 30.0 g. 
per liter to 16.9 g. per liter, estimated as NiSOs.-7H2O. No nickel deposited on the 
cathode; hydrogen was freely evolved during the electrolysis. 

The nickel samples—the anodes—had been deoxidized with metallic aluminum in 
excess and so contained a considerable proportion of metallic aluminum in addition to 
the Al.O;. This aluminum, going into solution as Al+++, precipitated as Al(OH), 
when the pH rose above about 5.5. Some of this precipitation took place within the 
collodion bags, giving high and erratic values for AloOs3. 

Various reagents were added for the purpose of keeping the pH of the electrolyte 
below 5.5. Borie acid to the amount of 1 per cent had practically no effect on the 
pH, and did not keep the pH from rising to 7. Sufficient sulfuric acid was added to 
bring the pH down to 2.0 but in 16 hr.—the time of a run—the pH again rose to 7, 
nickel and aluminum hydroxide being precipitated. A current of 0.8 amp. was used. 

Tartaric acid lowered the pH satisfactorily, and while the pH rose during a run it 
rose slowly and no hydroxide precipitated. 

It was found that when ammonium chloride was substituted for sodium chloride, 
the nickel deposited on the cathode in an adherent coat. 

The composition of the electrolyte as finally worked out was: NiSO,.7H.0, 40 to 
50 g. per liter; tartaric acid, 10 g. per liter and NH,Cl, 10 g. per liter. 

Of secondary importance to this investigation was the observation that the con- 


centration of the solution in nickel could be controlled by the amount of free tartaric 
acid present, as shown by the data. 
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CoMPOSITION OF ELECTROLYTE 
ee ee Ae es oe eee 


NiSO..7H20, Grams per Liter Tartaric Acid, Grams per Liter 
PACS GAMA DEE TS cave aie ates L.7 - 44.3 10 
PA Gera S tI occ wd os eto es 5.30 59.6 2.5 added after Ist run 
AERP AMON EUMN en. cae se whe 4.88 56.8 None added after 2nd run 
PEGE OrOerUM cag: es a. : 52587 91.0 None added after 3rd run 
Paver Ati TUM esc 2.. «6. . < 6.18 31.0 2.5 added after 4th run 
ALE Oth ruin. snc sacose. 5.58 44.0 


At about pH 5.5, nickel begins to plate out faster than it dissolves at the anode. By 
making occasional pH determinations, and adding tartaric acid as indicated, the 
nickel content of the bath can be maintained constant and the bath used until too 
much tartaric acid accumulates. No data have been obtained as to the saturation 
point of tartaric acid. 


The results of the ‘“‘aluminum method” agree very closely with those 
of the vacuum fusion method? as evident from Fig. 1. In Fig. 2, a com- 
parison of the analytical results gg 
obtained with methods A and B is 
given, whilein Fig. 3 the analytical 
results according to method A and 
the electrolytic method are plot- 
ted. 

The agreement among the four 
methods is fairly close. Besides 
the vacuum fusion method, the 
method A is the most accurate 
one, while the results of method 
B as well as of the electrolytic 
method are somewhat on the high 0 | L 

: 0 010 020 030 040 O50 060 
side. Percentage of Oxygen As Determined By Vacuum Fusion Method 

The difficulties of Al,O; segre- Fic. 1.—Comparison oF VACUUM FUSION 
gation within the test piece were METHOD WITH ALUMINUM METHOD, 
overcome by milling the entire length of the test ingots on one side so that 
the chips represented top, middle and bottom of the ingot as well as 
outside and inside. 
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SoLUBILITY OF OxyYGEN IN Moutren NICKEL 


For determining the solubility of oxygen in molten nickel, 10 lb. of 
electrolytic nickel was melted down in a small Ajax high-frequency 
furnace. Nickel oxide was then added in sufficient quantity to form a 
slag of pure NiO on top of the melt. At a chosen temperature, measured 


4 Data obtained by N. A. Ziegler. 
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by means of a platinum, platinum-rhodium thermocouple, the slag was 
quickly removed and the metal poured into a preheated ladle and deoxi- 
dized. The ladle held about 2 kg. of metal. Pure aluminum wire of 
14-in. dia. was used for deoxidation. Sufficient wire was added to secure 
complete deoxidation and leave some excess of aluminum to be taken 
into solution by the nickel. 

Because of this deoxidation with aluminum the metal became viscous 
and was difficult to pour. At temperatures near the melting point the 
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Fic. 2.—CoMPaRISON OF METHOD A with  [F1G. 3.—CoMPARISON OF METHOD A 
METHOD B. WITH ELECTROLYTIC METHOD. 


viscosity became so great as to make pouring nearly impossible. Under 
these conditions trapping of slag particles within the solidifying metal 
could not be wholly avoided and the oxygen results are therefore high for 
the temperatures near the melting point, as shown in Table 1. Although 
the points are somewhat scattered, there is a definite trend of increasing 
solubility of nickel oxide with the temperature. 


TaBLE 1.—Solubility of Oxygen in Molten Nickel at Various Temperatures 


Oxygen, Per Cent 
| 


Mark | Temperature, Deg. C. - —— — — — = = 
| | Method A Method B 
2 | 1465 0.33 0.42 
3 1510 0.38 0.35 
4 1550 0.34 0.40 
28 1550 | 0.38 0.51 
5 1590 0.38 0.41 
6 1650 0.53 0.69 
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More accurate results were secured by means of the vacuum fusion 
method. Some of the data so obtained were as follows: 


TEMPERATURE, Dea. C. Oxyemn, Per Cent 
1465 0.294 
1550 0.423 
1650 0.526 


Fig. 4 shows that there exists a nearly linear relationship between the 
solubility of oxygen in nickel and the temperature. It is very striking 
that nickel behaves in this respect almost as does iron. It must be borne 
in mind, however, that the melting point of iron is about 80° C. higher 
than that of nickel. A given temperature, therefore, means quite a 
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different amount of overheating for Ni-NiO than for Fe-FeO, and it 
should be expected that at the same temperature the solubility of NiO 
in nickel will be higher than that of FeO in iron if the solubility coefficients 
are about the same. 

The melting points of nickel-oxygen alloys are lower than for pure 
nickel because of the formation of a eutectic between NiO and Ni which 
according to our measurements lies at 1435° C., while the melting point 
of pure nickel is 1452° C. According to the literature,’ the eutectic 
oxygen concentration was found to be 0.214 per cent. 


5 Merica and Waltenberg: Trans. A. I. M. E. (1925) 62, 709. 
Masing and Koch: Ztsch. f. Metallkunde (1927) 278. 
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The microscopical investigation of some of the alloys containing over 
0.21 per cent oxygen in the nondeoxidized state revealed the presence 
of large plates of nickel oxide separating along the line HB while a fine 
eutectic formed at the point # of Fig. 4, as indicated in Fig. 5. After 


Fig. 7.—PoLISHED TEST SAMPLES DEOXIDIZED WITH ALUMINUM. AIl,03 ARRANGED 
IN TYPICAL FORM OF CLUSTERS. 


deoxidizing with aluminum no typical nickel oxide could be detected, 
as all of it had been converted into Al,O3 arranged in the typical form of 
clusters shown in Figs. 6 and 7. The nickel oxide plates and the eutectic 
separated generally within the grains and not along the grain boundaries. 


Errect oF AGITATION ON OxyYGEN PIcK-UP DURING MELTING 


A 60-eycle tilting furnace holding a charge of approximately 700 Ib. 
of metal and a 5000-cycle tilting furnace with a capacity of 250 lb. were 
used for determining the relative rates of oxygen pick-up with different 
degrees of turbulence. The pouring spout and a hole in the lid of both 
furnaces were left open, allowing a continuous draft which insured a 
sufficient supply of air in contact with the liquid metal surface. The 
crucibles used in the 60-cycle furnace were made of magnesium oxide 
and had an average inside diameter of 1534 in. For the 5000-cycle 
furnace, zirconium silicate crucibles with an average inside diameter 
of 95¢ in. were employed. Although the crucible dimensions and the 
weights of the charges are different in the 5000-cycle and 60-cycle fur- 
naces, it is possible to obtain a comparison between the two on the basis 
of the respective surface areas exposed to air per unit weight of charge. 
This area was found to be approximately the same for both furnaces, 
assuming a 700-lb. charge in the 60-cycle furnace and a 250-lb. charge 
in the 5000-cycle furnace. It amounts to 4.11 sq. cm. per kg. for the 
5000-cycle furnace and 3.96 sq. cm. per kg. for the 60-cycle furnace. 

Samples were taken from the molten baths by means of special 
wrought-iron tubes. These were 1!4-in. inside diameter, closed on one 
end, sand-blasted on the inside and outside and painted with a high- 
temperature cement (consisting mainly of SiO.) on the closedend. About 
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5 in. from the closed end two large holes were drilled in the tubes to 
allow liquid metal to fill the interior upon immersion in the melted nickel. 
These sampling tubes were preheated to 500° to 600° C. and then dipped 
into the metal bath far enough to allow liquid metal to fill the lower 
parts of them. While the tubes were being removed from the molten 
bath 10 to 12 in. of 14-in. dia. pure aluminum wire was inserted into the 
still liquid metal within them, thus effecting complete deoxidation. In 
order to secure a fast cooling rate and so avoid pi of extraneous 
oxygen, the tubes were plunged into water after deo 
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NITROGEN INTAKE INTO REFRACTORIES 
Fia. 8.—ARRANGEMENT OF CLOSED 60-CYCLE FURNACE. 


of check tests were made which showed that this method secured test 
samples showing the same Al.O; content as did samples deoxidized in 
a small preheated ladle. 

In order to get test samples from the bottom pool, generally formed 
first in the 60-cycle furnace, a nickel tube was inserted into the charge 
in the manner shown by Fig. 8. Charging was done in the following way: 
A nickel slug weighing about 300 Ib. was first placed in the furnace. In 
the center and resting on top of it a nickel pipe 2!4-in. outside diameter 
was placed. This was long enough to extend 1 ft. above the furnace 
roof through a special stuffingbox which enabled a tight seal at the lid 
for the experiments that were made under a controlled atmosphere. 
After the nickel tube had been set in place, the rest of the nickel in the 
form of small plates of electrolytic nickel was charged around it. A 
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new nickel tubing was required for each experiment, as in each one the 
lower part of it melted down with the charge. 

The temperatures were measured with a platinum, platinum-rhodium 
thermocouple, which in the 60-cycle furnace was inserted far enough to 
touch the nickel slug and in the 5000-cycle furnace was placed on top 
of the charge, which consisted entirely of electrolytic nickel. In the 
60-cycle furnace the top of the charge showed a temperature of not more 
than 40° C. when the nickel slug on the bottom was just melting. 

For checking the thermocouple readings, comparative measurements 
were made with the Pyrovisor, a new instrument manufactured by 
Stroehlein & Co., Dusseldorf, Germany. The fairly close agreement 
of the data obtained can be seen from Table 2. 


TaBLeE 2.—Comparison of Results with a Platinum, Platinum-rhodium 
Thermocouple and a Pyrovisor 


THERMOCOUPLE PyYROVISOR 
1540° C. 1588° C. 
1550° C. 1516° C. (slag) 
1595° C. 1538° C. (slag) 
1670° C. 1650° C. 
1690° C. 1700° C. 


Results Obtained with the 60-cycle Furnace Operated in Air Atmosphere 


Two experiments were run, the results of which checked each other 
closely. The data of experiment 2 are plotted in Fig. 9. 

The interpretation of the curves is largely self-evident. Of main 
interest is the oxygen pick-up during the melting period. Immediately 
after a liquid bottom pool is formed we find a very low oxygen content. 
The rate of increase in oxygen content is small until the entire charge has 
melted, because the molten Ni-NiO mixture is being diluted continuously 
by the melting down of the electrolytic nickel with its very low oxygen 
content. Moreover, it so happened that the nickel charge contained 
about 0.10 per cent Si, which protected the nickel from oxidizing in the 
first melting stages. After a certain time, approximately 30 to 40 min. 
after melting started, the oxygen pick-up became proportional to the 
time. This portion of the oxygen-time curve is nearly a straight line, 
reaching the saturation limit of nickel for nickel oxide in 40 to 50 min. 
after melting is complete when minimum stirring action in the bath is 
provided by operating at a reduced voltage, which gave a power input 
of 50 kw. The time required to reach saturation would probably be 
considerably shorter with the more vigorous stirring action that accom- 
panies higher power input. 

Of the two sets of oxygen-concentration data, that obtained by 
method A seems to be more in agreement with the probable facts, as it 
can be assumed that the oxygen pick-up curve will flatten out when it 
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reaches the saturation limits. The shape of the power curve KW isa 
sufficient indication of the furnace conditions up to the melting point. 
As soon as this curve reaches a minimum and starts to rise there is a 
definite indication for the beginning of melting. In the initial charges 
of the diameter used in the heats reported, an increase in temperature is 
accompanied by a decrease in power input to the charge except in the 
low-temperature range up to 350° C, where the metal is magnetic. The 
power input also varies almost as the square of the diameter of the charge 
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Fig. 9.—TEMPERATURE-TIME AND OXYGEN-TIME RELATIONS IN THE OPEN 60-cYCLE 
FURNACE. 


for a given furnace voltage, so that when melting commences and allows 
the charge to fill the entire cross-section of the crucible, the power input 
rises abruptly. 

It should be noticed that in Fig. 9 in an interval of 5 to 10 min. the 
temperature of the metal bath rose about 160° C. on account of bridging, 
which prevented the unmelted metal from settling down into the bath. 

Fig. 9 is representative of an average production melt in an open 
furnace. The metal becomes nearly saturated with oxygen before 
tapping and an excessive amount of deoxidizer is required to reduce 


the nickel oxide formed. 
Results Obtained with the 5000-cycle Furance Operated in Air Atmosphere 


Two test runs were made, the results of which checked very closely. 
The data of run 1 are plotted in Fig. 10, which represents a melt com- 
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parable with the melts made in the 60-cycle furnace. After melting 
down the charge the temperature was held constant for about one hour. 
The temperature was 1550° C. instead of 1480° C., as in the previous 
cases. The power input was regulated by the current, since no kilo- 
wattmeter was attached to the melting unit. The nickel was charged 
gradually, as seen from Fig. 10, this being the reason for the relatively 
high oxygen content of the first test sample taken after melting down 
of the entire charge. The oxygen pick-up after melting down is a function 


= ADRS Ni 
ADDED 

<—— 60. B'S: Ni 
ADDED 

~<—— 40 BS. Ni 
ADDED 

+ —-ALL MELTED 

‘x—— DE OxIDIZED 


I’ $1 


1500 
, TEMP °C 
1300 (MEASURED ON SURFACE OF,SOLID AND 
WITHIN LIQUID METAL) 


TEMPE RATURE- °C 


me 

t 

= 20 700 

uw I 

= 16F 4007500 Q ----A\}-------- On. CURRENT ~0-----0 

cS ra SK ie a Gite 

z ‘ ae NS “ye . 

i 12-3004 / Sea st ~ 

2 / raat . 

x -e . 

© ost 200 ps OXYGEN PICK uP \ 

b ) Simon ‘. 

Zz a 

W O4F 100 

a 

v0 ) 

oe (0) 20 40 0 60 100 120 140 160 180 
TIME IN MINUTES 

Fig. 10.—ExPERIMENTAL MELT OF ELECTROLYTIC NICKEL IN OPEN 250-LB. 5000-cYcLE 


INDUCTION FURNACE. 


of the time. The oxygen absorption curve differs greatly from that 
obtained with the 60-cycle furnace. It shows a much lower time rate 
of oxygen pick-up and the final value of the oxygen content is con- 
siderably lower than that obtained in the 60-cycle furnace. It stays 
well below the saturation limit of nickel oxide in nickel. By adding 
what is considered a normal amount of deoxidizer a very satisfactory 
degree of deoxidation was obtained. 


Discussion of Results 


The difference in the absorption of oxygen in the 60-cycle and 
5000-cycle furnaces is caused by the difference in the turbulence. For 
a given furnace and charge the turbulence is proportional to the power 
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input and varies with the frequency approximately as represented by 
the equation 
: Arent 
aif 
where 7 is turbulence, W is power and f is frequency. The turbulence 
in a 60-cycle furnace is then about 10 times as great as in a 5000-cycle 
furnace of the same design, size and power input. 
It is noteworthy that the mean oxygen pick-up of the 60-cycle 
furnace was but slightly more than three times as great as in the 5000- 
cycle furnace. If we call the oxygen absorption O, the turbulence 7’, 


the time ¢, the rate of absorption y, we might write for the oxygen pick-up 
in an open induction furnace 


Oa TT? Xv? Xe KK 


where K is a constant. 

From a physicochemical point of view, the problem is difficult to 
attack, as neither the law of mass action nor diffusion laws can be applied, 
for the reason that the law of mass action deals only with reversible 
reactions and the diffusion laws do not take into consideration mechan- 
ical agitation. 

Although our empirical formula is not exact, it points to the impor- 
tance of the following facts which have been proved experimentally 
beyond doubt: 

1. The oxygen absorption is dependent upon the agitation or the 
rate of replacement of the exposed surface when air has free access to 
the surface of the melt. 

2. Up to the saturation limit the quantity of oxygen absorbed is 
dependent upon the time of exposure of the molten metal to air. 

3. The oxygen absorption is a function of the bath temperature and 
proceeds more rapidly the higher the temperature. The design of the 
furnace and the extent to which it is filled also have a great effect upon 
turbulence quite independently of frequency. However, the problem of 
selecting the optimum frequency is beyond the scope of this paper. 

In the following section data are presented which indicate that the 
furnace atmosphere is of far more importance than frequency if really 
close control of oxygen pick-up is desired. 


KFrect oF FuRNAcE ATMOSPHERE ON OxyGEN PIcK-uP 


The set-up of the 60-cycle and the 5000-cycle furnaces for experi- 
mental heats melted under a protective nitrogen atmosphere can be seen 
from Figs. 8 and 11. The 5000-cycle unit in this case was a stationary 
furnace holding about 170 lb. of metal. The best results obtained in 
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both types of furnaces were so much alike that only the data of the 
5000-cycle induction furnace have been plotted in Fig. 12. ; 

It was possible in both furnaces to control the oxygen content of the 
furnace atmosphere closely and to prevent pick-up of fresh oxygen. 

The technical difficulties of setting up the furnaces for a run under a 
protective atmosphere were smaller than expected. It can be done 
easily under laboratory conditions. The feasibility of this procedure 
for production work is a question which will not be discussed here. 

The influence upon oxygen pick-up by the nickel charge during melting 
under an atmosphere nearly oxygen-free is pronounced in both furnaces. 
No pick-up of oxygen was noticeable during a test period of more than 
60 min., although the bath temperature was fairly high. The final 
oxygen content was below 0.003 per cent. 

Melting under gaseous atmospheres includes the danger of contaminat- 
ing the metal if the affinity or solubility of the metal for the protecting 
gas is great. 

The results obtained showed that no nitrogen had been absorbed 
by the nickel bath. According to data obtained by the vacuum fusion 
method the samples contained from 0 per cent N» to 0.004 per cent No. 

In this connection the interesting observation may be mentioned 
that in the open furnace the nitrogen absorption was a function mainly 
of the bath temperature, as judged by the following results obtained by 
means of the vacuum fusion method by N. A. Ziegler. 


Sample No. Temperature, Deg. C. Nitrogen, Per Cent 
2 1405 0.004 
28 1550 0.023 
6 1650 0.051 
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CONCLUSIONS 


1. Herty’s aluminum method slightly modified was found to be a 
very suitable means for determining the nickel oxide content in nickel. 

An electrolytic method of determining Al.O3 in nickel was worked 
out. 

. 3. The solubility temperature relations for nickel oxide in molten 
nickel were determined approximately. It was found that the solubility 
of nickel oxide increased with the temperature. 

4. Comparative tests on the rate of oxygen absorption as effected 
by turbulence were made in a 60-cycle and a 5000-cycle furnace. The 


“ei of nickel oxide in nickel was found to be an increasing function 
of turbulence, time and temperature. 


| 


F, R. HENSEL AND J. A. SCOTT 155 


5. The rate of oxygen pick-up in the 60-cycle furnace is approximately 
three times as great as in the 5000-cycle furnace. 

6. In the 60-cycle furnace the maximum oxygen content of the melt 
comes close to the saturation limit. 

7. Melting under an oxygen-free atmosphere prevents oxidation in 
both types of furnaces. 
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Soi - Metallurgical Characteristics of Induction Furnaces 
F as Determined by the Absorption of Oxygen by Molten 
ae Nickel* 


E By F. R. Henset,{+ Pirrspurex, Pa., anp J. A. Scort,{ Harrison, N. J. 


? 


(New York Meeting, February, 1932) 


iat ABSTRACT 


THE paper deals with the investigation of two types of coreless 


_ induction furnaces, one of 60 cycles, the other of 5000 cycles. Nickel was 
used as test material and the absorption of oxygen by molten nickel was 
chosen for determining the influence of the frequency on the metallurgical 
j characteristics of the furnaces. Dr. Herty’s aluminum method, slightly 
modified, was found suitable for determining the nickel oxide content in 
nickel. Also an electrolytic method for determining alumina in nickel 
_was worked out. The solubility-temperature relations for nickel oxide 
a in molten nickel were determined approximately. It was found that the 
solubility of nickel oxide increases with the temperature. Comparative 
tests on the rate of oxygen absorption made in a 60 and a 5000-cycle 
- furnace showed that the absorption of nickel oxide in nickel is an increas- 
ing function of turbulence, time and temperature. The rate of oxygen 
pickup in the 60-cycle furnace is about three times as great as in the 5000- 
; cycle furnace. In the 60-cycle furnace the maximum oxygen content 
_ of the melt comes close to the saturation limit. Melting under an oxygen- 
_ free atmosphere prevents oxidation in both types of furnaces. 


DISCUSSION 


(Howard Scott presiding) 


ala os aor eh 


H. Scort, East Pittsburgh, Pa.—When Professor Desch was in Pittsburgh recently 
he mentioned that the induction furnace has practically replaced the crucible furnace 
in Sheffield except for the carbon tool steels. Dr. Hensel is to be congratulated 
on the development of analytical methods for determining inclusions and for getting 

two different methods to agree. 


F. R. Hensev.—Recently the purification of molten metals with hydrogen or other 
suitable gases has become an important issue and a number of patents have been taken 
out covering gaseous treatments of molten metals. In this connection I wish to call 


* This paper is available at the office of the Institute as a Preprint. 

+ Group Engineer, General Metallurgical Group, Westinghouse Research 
Laboratories. 

t Driver-Harris Co. : 
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high-frequency induction furnace, owing to the great turb 
furnace. Further, there would be no necessity for tuyeres in such a 
hydrogen, for instance, on top of the melt should be more efficient than tuyer 
should bring every particle of the melt in intimate contact with the gas. 

The limitations in melting and finishing a charge i ina 60-cycle furnace could 


from 25 to 1000 cycles. Grid glow tubes or grid-controlled mercury are rect 
might be used for that purpose. Then melting down and finishing of t 
could be done at 1000 cycles while 25 to 60 cycles would be aap 
refining stages. ’ 

The fact that we found a constiebabte nitrogen absorption in air Aa 2 
practically no nitrogen absorption under a pure nitrogen atmosphere seems to point — 
to a peculiar mechanism of the nitrogen absorption by molten metals. I have studied 
this phenomenon carefully in connection with electric are welding and hope to Teper 
my findings soon. , nated > 


Copper Embrittlement, I] 


By L. L. Wyman,* Scuenectapy, N. Y. 
(Buffalo Meeting, October, 1932) 


Since the presentation, by the writer, of the initial paper on the 
embrittlement of copper,! the subject has been investigated further 
along two separate lines. The first series of investigations involves 
the ‘‘double-deoxidized”’ coppers, while the second series is devoted to 
single deoxidizers other than those used in the investigations reported 
upon last year. 

The object of these experiments is to develop a type of copper that 
will show the minimum of detrimental effects after having been exposed 
to alternate oxidation and reduction. The fabrication of this material 
necessitates the use of alternate oxidizing and reducing atmospheres, at 
temperatures ranging up to 900° C. Following this treatment it is 
essential that the soundness and strength of the copper be unimpaired, 
even in sections of only a few thousandths of an inch in thickness. 


MATERIALS 


The ensuing report embodies three separate groups of materials, which 
may be classified as follows: 

1. Double-deoxidized copper using silicon and calcium boride. 

2. Copper deoxidized with calcium. 

3. Double-deoxidized copper using constant calcium content (0.075 
per cent) plus silicon, or calcium boride. 

Last year, T. S. Fuller, of the General Electric Research Laboratory, 
suggested that if a properly deoxidized copper had sufficient deoxidizer 
residual in the material, this excess material might increase the resistance 
of the copper to the oxidation reduction cycle. In consequence of this 
suggestion, two small lots of ‘‘double-deoxidized”’ copper were prepared. 
The first, lot A, was made by adding 0.03 per cent silicon as the deoxidizer, 
following this by an addition of 0.55 per cent calcium boride immediately 
before pouring. The second, lot B, contained the same ingredients, but 
these were added in the reverse manner. 

Inasmuch as these lots were tested separately from the materials 
about to be described, it must be borne in mind that the materials cannot 
be grouped together, and are not directly comparable. 

* Research Metallurgist, General Electric Co. 
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‘The second ‘and third 
consist of single and double ieee 
all of which were made from the same base enteral 
for the base metal of these alloys was a wire bar which 
per cent oxygen, by analysis. After this copper had been r 
was found that the oxygen content, by analysis, was 0.028 per. ‘one ae 

Inasmuch as silicon and calcium boride have been the most promising 
deoxidizers used in previous work, they have been used as the base — 
materials for double deoxidization in the following experiments. Table 1 


TasLE 1.—Additions to Coppers and Resulting Alloys 


Additions | Residual 
Lot No. 
Silicon | Cale. Boride Calcium | Silicon | Calcium | Oxygen 
A 0.03-1st 0.55-2d 0 - 
B 0.03-2d 0.55-Ist OM 
1 0 0 0 0.028 
2 0 0 0.0375 Trace 0.002 
3 0 0 0.075 0.044 0 
4 0 0 0.15 0.090 0 
5 0 0 0.25 0.180 0 
6 0.075 0 0 0.03 0 
7 0.075-1st 0 0.075-2d 0.067 0.057 0 
Added Together 
8 0.075 0 0.075 0.065 0.068 0 
9 0 1% 150 0 0.007 Trace 0 
10 0 5% 150-1st | 0.075-2d 0.006 0.045 0 


gives the additions that were made to these coppers, as well as the chem- 
ical analyses of the resulting alloys, the analyses being obtained through 
the courtesy of the American Brass Company. 


MetHops 


The treatment accorded these alloys was the same as that reported in 
the author’s earlier paper; namely: 

1. Ingot samples were cold-rolled to 0.125 in. thick and annealed at 
temperatures from 400° to 900° C., at 100° C. intervals, for a period of 
15 min. This is the “single-muffle”’ series. 

2. The samples of the second series were subjected to the same tem- 
peratures for a period of 30 min. This is the ““double-muffle” series. 

3. After having been subjected to the muffle treatments, samples of 
each of the series were subjected to heat treatment in hydrogen furnaces 
at 500°, 650° and 800° C. The latter treatment was accomplished in a 


*L. Zickrick: Properties of Copper Deoxidized with Calcium. See page 152, this 
volume. 
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conventional type of hydrogen tube furnace equipped with a water cooler, 


into which the samples were pushed following the heat treatments. 
Following the furnace treatments, the samples were mounted in 

fusible metal and prepared for microscopic examination. ‘The first step 

in the examination consisted of Pane: 

etching the samples very lightly 


DRA 


. . ° . e® As WAN 
with dichromate-sulfuric acid A © AiR ANN. 200°0-20mIN 
A AIR+ Hz ANN. 


etching reagent, and examining 
for oxide penetration. The 
second step consisted of etching 
further with chromic acid, to 
accentuate the ‘band,’ which 
shows the penetration of oxygen 
in these deoxidized materials. It 
has been the writer’s experience 
that chromic acid will attack 
the band much more readily 4 
than the unaffected copper. A 2 
final examination was made to 
determine the depth of the ‘‘open- 
grain”’ structure. 

All of the samples were examined (1) as rolled, (2) after hydrogen 
treatments, (3) after muffle treatments, and (4) after muffle and hydrogen 
treatments. The microscopic examinations and measurements were 
made at a magnification of 250 diameters. 

Where definite occurrences of copper oxide could not be seen, and 
particularly at penetrations deeper than the visible occurrences of copper 
oxide, the “band” was taken as the depth of penetration. In the calcium 
coppers, there was an absence of the band on the surface of the treated 
samples, but there occurred an intergranular separation which appeared 
to be a function of the heat treatment. 


4 Si 6 Zz 
COPPER LOT N°. 


Fic. 1.— BEND TEST ON 0.045-IN. WIRE. 


RESULTS 


Because so many of the results fall very close together, the diagram- 
matic representation of these results by graphs is confusing ; consequently 
these figures are tabulated. Table 2 shows the results of examination for 
total penetration of oxygen, as denoted by copper oxide and the band, as 
well as the penetration of the separated material in the calcium coppers. 
Table 3 gives the tabulated results of the measurements of the depth of 
the open-grain structure due to the blowing open of the structure during 
the hydrogen treatments. 

With reference to the effect of these heat treatments on lots A and B, 
Table 4 shows the results of measurements of the depth of the 
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open structure. These results are q 
trend indicates consistently low penetra 


Brenp TESTS 


on the 0.125-in. rolled stock, it was decided to supplement these tests by _ 


the regular bend tests, as recommended by the Bell Telephone Laboratory. = : 
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Ingot samples of the 10 experimental lots were drawn down to 
0.045-in. wire, and bend tests were made on these wires over jaws having 
0.1125-in. radius. These tests were made on wires (1) as drawn, (2) 
after air-annealing at 900° C. for 30 min., (3) after hydrogen annealing at 
800° C. for 15 min., and (4) after annealing for 30 min. at 900° in air and 
15 min. at 800° C. in hydrogen. The latter represents the maximum 
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treatment accorded the rolled stock. Fig. 1 shows graphically the results 
of these bend tests. 


INTERPRETATION 


The results obtained from the first lots of double-deoxidized copper, 
lots A and B, seemed to substantiate the view that residual deoxidizer 


TABLE 3.—Depth of Open-grain Structure Due to Blowing Open of Structure 
During Hydrogen Treatments 
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Penetrations in ool" 
would increase the resistance to ‘blowing open’ of the grains as the 
result of oxidation-reduction treatment. 

Following the attainment of these results, several large lots of this 
type of material were put into production. The results to date prove 
conclusively the superiority of the double-deoxidized material to a 
normal copper deoxidized by either of the component deoxidizers, 
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TasBLE 4.—Measurements of Depth of Open Structures 
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Sections of metal 0.006 in. thick have consistently remained sound and 
strong in production, showing that the experimental and factory results 
are in complete accord. 

Table 4 shows that lot B is consistently more resistant than lot A; 
that is, the silicon added last gives a more resistant material. 

As might well be anticipated, material excess silicon makes for increased 
trouble in the mechanical working of these materials. The production 
statistics verify not only the differences with respect to embrittlement, 
but also to the mechanical working of these two lots of copper. 

In the series of calcium coppers, the copper that was used as the base 
metal responded in the anticipated manner to the tests, and the higher 
hydrogen treatments caused complete penetration of the ‘‘open” struc- 
ture (Fig. 2). 

As calcium is added to this material in increasingly larger amounts, 
several interesting factors appear. The addition of 0.0375 per cent 
calcium leaves a material in which only minute amounts of any disperse 
matter are visible (Fig. 3). As the calcium additions increase from 0.075 
to 0.25 per cent there are increasing amounts of disperse material with 
increasing calcium. Fig. 4 shows the large amount present in lot 5. 
With the higher calcium additions some of this segregation also 
occurs intergranularly. 

The hydrogen has caused no apparent effect on these calcium alloys, 
but the air, and air plus hydrogen, anneals cause a separation of a large 
amount of intergranular material between the surface grains in the alloys 
of higher calcium content. 

Lot 2 seemed to be impervious to all treatments, whereas lot 3 gave a 
large amount of this intergranular segregation. Increasing the amounts 
of calcium did not, apparently, increase the depth of this separation but, 
on the contrary, the depth of separation decreased with increasing calcium. 

It is also of interest that the calcium coppers were devoid of the band 
which usually characterizes the deoxidized coppers after treatment. 
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Fig. 2.—CoppER BASE METAL; 0.028 PER CENT OXYGEN. 
Fic. 3.—BASE METAL WITH 0.0375 PER CENT CALCIUM ADDED. 
Fig. 4.—BASE METAL WITH 0.25 PER CENT CALCIUM ADDED. 
Aut X 250. - K.Cr20;-H2SO, BTcH. | 
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Fics. 5 anp 6.—MaTHRIAL DISPERSED THROUGHOUT SAMPLES OF LOT 5 
Fic. 7.—MatTERIAL FROM EDGE OF LOT 5. : 
Aut X 1500. K2Cr.0,;-H.SO, pron. 
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Chromic acid as an etching reagent is extremely useful in this respect, 
as it attacks a band much more rapidly than it does unaffected copper. 
However, neither the chromic acid nor other usual etchants would develop 
a banded structure in this material. 

An examination of the material which has separated at the boundaries 
in lots 3, 4 and 5 shows that this material is, apparently, of the same 
eutectiferous nature as the material dispersed throughout these samples. 
Figs. 5 and 6 taken from lot 5, and Fig. 7 from the edge of lot 5, substan- 
tiate this view. These photomicrographs show the complex nature of 
this separated material, whether it occurs as dispersed globules through- 
out the body of the copper, or in the grain boundaries. 

From the work of Baar,* which seems to be generally accepted, there 
appears to be no solubility of calcium in copper. It is more than probable, 
however, that there is a very small solubility, but inasmuch as only small 
amounts are being considered, any solubility whatsoever would readily 
account for this intergranular segregation at the surface. The excess 
calcium would necessarily occur as a eutectic; which amply accounts for 
the appearance of this segregate. It is doubtful whether these materials 
are identical in composition, even though their structures are similar. 

The addition of 0.0375 per cent calcium has left the copper unharmed 
after the oxidation-reduction cycle, indicating very favorable resistance 
to this test. The other samples of calcium copper show no evidences of 
open grain structure, and do not appear to be very much influenced by a 
hydrogen anneal, either in forming this segregate or in opening up, as 
substantiated by the bend tests. However, when the air-annealed, and 
air-plus-hydrogen-annealed samples are bend-tested, it is found that the 
separation at the boundaries has occurred, and that the bend-test results 
have fallen lower with increasing calcium. 

It would seem logical to conclude that the lowered bend-test values 
caused by large calcium addition, or by the double deoxidation wherein 
the calcium could be residual, as noted below, are due primarily to the 
intergranular segregation and not to opening of the grains or embrittle- 
ment of the structure by “gassing.” This interpretation is sub- 
stantiated by the work of Schumacher, Ellis, and Eckel.4 

The third group of copper samples shows the influence of double 
deoxidation. Silicon and calcium boride are used in conjunction with a 
constant amount of calcium. The individual performances of the former 
are shown in lots 6 and 9. The double deoxidation effect is determined 
by adding 0.075 per cent calcium to the materials deoxidized with silicon 
and calcium boride. 

Lot 6 is a material that has been treated with the usual amount of 
silicon, and its reaction to the tests is the same as found in the better 


3 Baar: Ztsch. f. anorg. Chem. (1911) 70, 352. 
4 Schumacher, Ellis, and Eckel: Trans. A.I.M.E. (1930) 89, Inst. Metals Div., 151. 
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grades of this material reported previously.’ When this is changed to a 
“double-deoxidized” copper by the final addition of 0.075 per cent calcium, 
lot 7, there is a decided increase in its resistance to the oxidation-reduc- 
tion treatments. The addition has materially increased the bend values 
after the hydrogen anneal, but has also greatly decreased these same 
values for all other anneals. The simultaneous addition of the same 
amounts of these materials shows, if anything, a slightly improved mate- 
rial as regards the oxidation-reduction tests, and slightly poorer values in 
the bend tests. 

Lot 9 has been deoxidized with a very large amount of calcium boride 
reagent, and the much improved performance over lots previously tested® 
is probably due to this large addition. 

Lot 10 has only one-half as much reagent added as had lot 9 (as much 
as frequently used), but has, in addition, 0.075 per cent calcium. The 
calcium was added last. This material shows but slight improvement 
over the copper single deoxidized with calcium boride. On the other 
hand, when it is considered that in the double-deoxidized sample only 
slightly over one-half as much deoxidizer has been added, the result may 
be interpreted favorably. The bend tests, however, reflect the double 
addition, as mentioned before. 

The ‘residual’? columns of Table 1 give rise to some points of con- 
siderable interest. 

Concerning lot 2, it is noted that the loss in calcium is close to the 
total amount added, 0.0375 per cent, but there is a trace remaining. 
Furthermore, there is 0.002 per cent oxygen present. It would thus 
appear that this material is very close to a completely deoxidized copper 
having a minimum of residual deoxidant. 

Theorizing on the beneficial effects of residual deoxidant, this material 
would not appear to be very resistant to the tests applied. The writer 
has at different times tested commercial materials which are reported to 
fulfill this characterization of having neither residual oxygen nor deoxi- 
dizer. Experience with such material under the tests applied here have 
invariably shown that a section 0.125 in. thick will be completely blown 
open under the maximum test conditions. 

It can only be opined that calcium is an extremely active deoxidant, 
and that only traceable amounts can afford a protective action toward 
these tests. In the higher calcium additions, each of these lost approxi- 
mately one-half of the calcium added. 

These alloys stand up well against the oxidation-reduction tests, but 
their strength is lowered by intergranular segregation near the surface. 
This may be interpreted as being actuated by the conditions of the tests 
but must not be confused with the embrittlement caused by oxygen- 
reducing gas effects. 


5 Reference of footnote 1. 
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When silicon is used as a deoxidant, over one-half of the added amount 
is lost. When this same amount of silicon is supplemented by either a 
second or simultaneous addition of calcium, the losses in deoxidants are 
materially decreased and the performance is improved. 

The calcium boride alloys are of interest because nearly all of the 
added material is eliminated. Lot 3, having 0.075 per cent calcium 
added, shows a residual 0.044 per cent of this material, whereas lot 10, 
with a like addition, supplementing the calcium boride, retains 0.045 per 
cent calcium. This verifies the results on lot 9, where 1 per cent calcium 
boride retained but a trace of calcium. 

Considering the test results, it is evident that the additions of calcium 
as a supplementary deoxidant have improved the performances of the 
calcium boride and silicon-deoxidized coppers. However, when these 
double-deoxidized coppers utilizing 0.075 per cent calcium are compared 
to lot 3, of like calcium addition, it is clear that the initial addition of these 
other deoxidants has decreased the effectiveness of the calcium. 


CONCLUSIONS 


The interpretation of the results of the foregoing experiments lead 
definitely to the conclusions that: 

1. The addition of calcium in small amounts, as represented by lot 2, 
gives superior qualities as regards resistance to embrittlement. 

2. Excessive calcium additions prove detrimental to the physical 
properties (bend test) of copper, corroborating the work of Schumacher, 
Ellis and Eckel,® and of Zickrick.’ 

3. None of the calcium coppers appear to be detrimentally affected by 
the usual copper embrittlement; that is, the “‘gassing”’ or blowing open of 
the grain boundaries. 

4, In all of the lots tested, the double deoxidizing has proved superior 
to single deoxidation, for similar or larger amounts of the same deoxi- 
dants. Lot 2 may be considered an exception to this statement. 


6 Schumacher, Ellis and Eckel: Reference of footnote 4. 
7 Reference of footnote 2. 


[For discussion see page 162.] 


Properties of Copper Deoxidized with Calcium 


By Lyauy Zicxrick,* Scupnecrapy, N. Y. 
(Buffalo Meeting, October, 1932) 


ExpErIMeEnts of previous investigations have indicated that calcium- 
copper alloy, when used as a deoxidizer for molten copper, results in a 
sound copper casting of good physical and electrical properties. Braden- 
berg and Wiens! have obtained successful results in casting sound copper 
using calcium for deoxidizing. Masing? has obtained deoxidized copper 
of high density and high conductivity by use of calcium. Pratt,* in 
1907, patented the use of calcium for the deoxidation and degasification 
of copper. Schumacher, Ellis and Eckel,‘ in 1929, conducted a series 
of experiments on deoxidizing copper with calcium. They concluded that 
so long as there is only a small percentage of residual calcium the mechan- 
ical and electrical properties of the copper deoxidized are not impaired, 
and the deoxidation is thorough. 

For this investigation, a copper-calcium alloy high in calcium and 10 
variously deoxidized copper ingots were prepared. The investigation 
concerns itself with the casting properties and structure of these variously 
deoxidized ingots, their working and annealing characteristics, and the 
resulting physical and electrical properties of the worked materials. 


PREPARATION OF SPECIAL COPpPER-CALCIUM ALLOY AND EXPERIMENTAL 
INGOTS 


For use as a deoxidizing agent, an alloy of copper and calcium with 
fairly high calcium content was prepared, by melting pure electrolytic 
copper in a graphite crucible in an ordinary gas-fired pot furnace. The 
molten copper was kept well covered with calcium chloride slag. Small 
chunks of calcium were wrapped in thin copper sheet, placed on the end of 
a graphite rod and plunged down into the molten copper and thoroughly 
stirred. Upon completion of the calcium additions the crucible content 
was poured out into a cake about one inch thick. Analysis of this alloy 
gave 4.4 per cent calcium. The alloy was brittle and easily broken into 
small chunks. Some calcium was lost during the addition, owing to 


* Metallurgist, General Electric Co. 

' Brandenberg and Wiens: Eng. & Min. Jnl. (1906) 82, 433. 

> Masing: Wiss. Veroffen. a. d. Siemens-Konzern (1928) 7, 321. 

* Pratt: Deoxidation of Copper. Brit. Pat. 1699 (1907). 

* Schumacher, Ellis and Eckel: Trans. A.I.M.E. (1930) 89, Inst. Metals Div., 151. 
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burning. The molten copper was held at a temperature of about 
1200° C. and the calcium added as expeditiously as possible. 

For a supply of high-oxygen copper to use in manufacturing these 
ingots a special wire bar was obtained which analyzed 0.06 per cent 
oxygen. ‘This bar was cut into pieces weighing about 10 lb. each, and one 
piece was used in the making of each ingot. 

All melting was done in a gas-fired pot furnace using a graphite 
crucible, and the copper charges were all kept covered with an equal 
amount of charcoal so as to eliminate as much variation as possible in the 
melting procedure. The gas flame was regulated in the same manner and 
equal periods of time were taken to melt. The calculated amount of 
deoxidizer, wrapped in copper foil, was added and stirred into the charge 
with a graphite rod just before pouring. The charges were cast in a 
graphite mold into rods of 114-in. diameter, weighing about 5 lb. each. 


DEoxiIDIzERS USED 


The first ingot was prepared without the addition of any deoxidizer 
to determine the effect of the established melting procedure upon the 
oxygen content of the copper. To heats 2 to 5 inclusive were added 
increasing amounts of the copper-calcium alloy, melt No. 6 received the 
usual percentage of silicon-copper deoxidizer, and melts 7 and 8 each 
received like amounts of calcium and silicon. In preparing melt No. 7 
the silicon alloy was stirred in first, and followed with addition of the 


TABLE 1.—Melts and Deoxidizers 


Deoxidizing 
MaerenNg oy] Poca # ded, meee te ioe Oxygen Sulfur 
in Metal, Per Cent Silver 
1 99.968 0.028 0.0017 
2 Ca, 0.0375 Trace 99.972 0.002 0.0002 
3 Ca, 0.075 Ca, 0.044 99.929 nil 0.0001 
+ Ca, 0.150 Ca, 0.090 99.859 nil 0.0001 
5 Ca, 0.250 Ca, 0.180 99.786 nil 0.0000 
6 Si, 0.075 $1, 0.03 99.925 nil 0.0003 
tf Si, 0.075 Si, 0.067 99.869 nil 0.0000 
Ca, 0.075 Ca, 0.057 
8 Si, 0.075 Si, 0.065 99.856 nil 0.0000 
Ca, 0.075 Ca, 0.068 
9 CaB, reagent,* Si, 0.007 99.920 nil 0.0001 
1.0 Ca, Trace 
10 CaBg reagent," Si, 0.006 99.903 nil 0.0000 
0.5 
Ca, 0.075 Ca, 0.045 


i I a Se eel 
@ Calcium boride reagent is reported as containing 3 to 6 per cent carbon, 0.5 per 


cent silicon and the remainder calcium boride (CaBe). 
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calcium alloy. In preparing melt No. 8 the silicon and calcium alloys 
were wrapped and added together. Melt 9 was deoxidized with calcium 
boride reagent and melt 10 was deoxidized with calcium boride, followed 
by copper-calcium alloy. The various melts and deoxidizers used are as 
shown in Table 1. A certain amount of the deoxidizing agent is used to 
deoxidize, combining as an oxide and slagging off; the remainder tends 
to remain in the metal as a mechanical mixture or to enter into solid 
solution. Samples taken from the ingots for analysis gave results as 
shown in Table 1. For comparison, the addition percentages are 
also listed. 

The large and excess additions of calcium to melts 3, 4 and 5 were 
made to afford a means of determining the effect of residual calcium, and 
enable one to draw a comparison between this effect and the effect of 
residual silicon remaining in melt 6. 


CASTING CHARACTERISTICS OF INGOTS 


The ingots as cast show the more or less well developed pipe character- 
istic of deoxidized copper. A well developed shrinkage cavity is to a 
degree indicative of well deoxidized and gas-free copper. The top 4 in. 
of each ingot has been sectioned longitudinally to show the pipe. These 
are illustrated in Fig.1. Ingot No. 1 shows a very small shrinkage cavity 
and small holes due to entrapped gas which failed to escape. Traces of 
silica were discernable on the exterior and in the pipe of ingot 6, which was 
deoxidized with silicon. 


OxYGEN AND SULFUR CONTENT oF INGOTS 


Chemical analyses for oxygen, sulfur and copper plus silver were 
performed for us by C. H. Davis at the laboratories of the American Brass 
Co. The results of these determinations are as shown in Table 1. The 
method used was indirect; that is, the oxygen was calculated by taking the 
loss in weight of the sample after it was subjected to the hydro- 
gen treatment. 


MicRostRuCcTURE oF INGOTS 


The microstructure of the cast ingots may be seen in Figs. 2 and 3. 
According to Baar® the solubility of calcium in copper is extremely small. 
The copper-calcium equilibrium diagram as published by Baar appears 
in Fig. 4. A eutectic between copper and calcium occurs at 910° C. and 
contains 5.7 per cent calcium. In Fig. 2, the No. 1 ingot, to which 
no deoxidizer had been added, shows the presence of copper-oxide eutectic. 
In ingots 2, 3, 4 and 5 to which increasing amounts of calcium were added, 


° Baar: Ztsch. f. anorg. Chem. (1911) 70, 352. 
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Ingot 3 


Ingot 6 Ingot 7 Ingot 8 Ingot 9 Ingot 10 
Fic. 1— Pires OBTAINED IN INGOTS DEOXIDIZED WITH VARIOUS REAGENTS. 
REAGENT, PER CENT REAGENT, PER CEentT 

No. 1.—None No. 6.—0.075 Si 

No, 2.—0.0375-Ca No. eae Si + 0.075 Ca 

No. 3.—0-075 Ca No. 8.—0.075 Si + 0.075 Ca 

No. 4.—0.15 Ca No. a — 1,0 Cab, reagent 

No. 5.—0.25 Ca No. 10.—0.5 CaBg reagent 
0.075 Ca 


Fig. 2.—DEOXIDIZED COPPER INGOTS, SHOWING EFFECT OF VARIOUS DEOXIDIZERS. 
< 200 (Reduced 4; original magnification given.) 


DeEoxIpIzERS, PER Cent 


No. 1.—None No. 4.—0.15 Ca 
No. 2.—0.0375 Ca No. 5.—0.25 Ca 
No. 3.—0.075 Ca No. 6.—0.075 Si 
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Ingot 1 


Ingot 2 


Ingot 5 


Ingot 6 


Fie, 2.—Caprtions ON OPPOSITE PAGE, 
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the calcium constituent shows up as small dark particles. These particles 
at a magnification of 1500 show eutectic structure. They show a marked 
increase in number as the calcium content increases, and in ingot 5, to 
which 0.25 per cent calcium was added, the particles are of larger size 
and some of the constituent also appears in the grain boundaries. 


Ingot 7 


Ingot 9 


Fic. 3.—D®8oxIDIZED COPPER INGOTS SHOWING EFFECT OF VARIOUS DEOXIDIZERS. 
X 200. (Reduced 4; original magnification given.) 


DEoxip1zpERs, PER CENT 


No. 7.—0.075 Si + 0.075 Ca No. 9.—1.0 CaBg reagent 
No. 8.—0.075 Si + 0.075 Ca No. 10.—0.5 re reagent 
0.075 Ca 


FABRICATION AND ANNEALING 


All 10 ingots were successfully swaged to rod of 0.25 in. diameter, 
annealed, then drawn without any further anneal to wire of 0.045 in. 
diameter. Considerable care had to be exercised in swaging the high- 
calcium ingots, No. 4 and especially No. 5, so that they should not be 
swaged at too high a temperature. Baar, in his diagram for copper- 
calcium alloys, shows a second eutectic point at 560° C. and approxi- 
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mately 38 per cent of calcium. Ingots 4 and 5 when swaged at this 
temperature showed a tendency to crack and exhibited indications of 
containing a constituent of low melting point. Assoonas the ingots cooled 
to below 400° C. they swaged without any additional trouble. It seems 


TEMPERATURE °C 


° 
Cu 


10 20 30 40 50 60 70 8 3 100 


Ca 


Fig. 4.—CoppER-CALCIUM EQUILIB- 


RIUM DIAGRAM BY BAAR. 


reasonable to believe that in the cast 
condition there may be an amount of the 
calcium present as the 560° C. eutectic. 

Small coils of the 0.045-in. wires 
were annealed in a bath of Crisco for 6 
and for 15-min. periods at 200°, 250°, 
300°, 350° C. and in a high-temperature 
oven at 400° C. Coils were also an- 
nealed in a muffle furnace for 30 min. at 
700° C., and 30 min. at 700° C. followed 
by a 15-min. anneal in hydrogen at 800° 
C. These heat-treated wires were then 
tested on a Louis Schopper testing 
machine for tensile strength and per- 
centage of elongation, and on a double 


Kelvin bridge for percentage of conductivity. 


TENSILE STRENGTH, ELONGATION, AND ConpbucTiviry Data 
oN ANNEALED WIRES 


Tables 2 and 3 give the summary of the results of the various physical 
and electrical data. 


TasBLeE 2.—Tensile Strength and Elongation 
All Samples Annealed for a Period of 6 Minutes 


RR = Sample 1 Sample 2 Sample 3 Sample 4 i Sample 5 
Deg. C. hes Elong.® oe Elong.? ee | Elong.? oe Elong.® kgs Elong.® 
TE ISI 62,300 iN 65,200 1.3 66,850 1.4 67,450 1.2 67,600 1.3 
200 45,370 10.6 | 60,130 2.4 63,470 1.4 66,150 2.1 68,150 1.9 
250 36,700 35.2 | 45,000 10.7 57,700 2.9 63,350 2. 62,300 1.8 
300 36,350 37.3 | 37,200 30.3 | 48,050 19.4 47,600 7.8 54,600 3.0 
350 36,350 35.6 | 37,350 34.6 | 37,700 33.3 39,000 28.3 40,850 2k 
400 36,250 37.4 36,850 34.0 | 37,000 B2.1 38,300 32.9 39,350 29.8 
Spec.¢ 20,530 5.1 36,800 29.4 36,700 29.6 38,550 29.1 38,800 26.3 
Anneal, a 6 ee 7 a Sample 8 ; Sample 9 : Sample 10 
Deg. C. tail Elong.? Stre. Elong.? Sire Elong.? Aen Elong.® Tove. Elong.® 
ila By 68,900 1.3 | 68,650 1.2 | 70,000 1.5 | 66,400 1.8 | 66,750 1.4 
200 65,650 1.9 66,850 1.6 | 68,450 1.6 60,500 1.6 64,900 15 
250 62,050 2.2 | 63,900 1.2 | 64,750 2.1 | 48,050 10.1 | 58,600 2.9 
300 44,050 9.5 | 50,250 5.6 | 52,500 4.7 | 37,250 23.9 | 42,000 LT 
350 36,450 29.9 | 38,000 29.4 | 38,550 29.7 || 37,300 34.5 | 37,500 33.3 
400 36,400 30.3 | 37,200 34.1 | 37,250 29.5 | 37,150 35.9 | 37,500 35.3 
Spec.¢ 39,250 22.8 | 36,800 26.6 | 37,200 27.3 ! 37,300 31.3 | 38,000 29.6 


« Tensile strength, lb. per sq. in. 


6 Elongation, per cent in 10 in. 


¢ Annealed 700° C. in air 30 min., followed by 15 min. in hydrogen at 800° C. 
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TaBLE 3.—Conductivity Data 
All Samples Annealed for a Period of 15 Minutes 
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wos Deoxidizer Added, | Deoxidizer Remain- 
Sample No. Anneal Treatment Conductivity Per Cent ines PorCont 
il H.D. 100.1 
200 101.8 
250 101.8 
300 101.5 
400 101.6 
2 H.D. 98.7 Ca, 0.0375 Trace 
200 99.3 
250 100.5 
300 LOND 
400 100.7 
St ALD: 95.1 Ca, 0.075 Ca, 0.044 
200 95.3 
250 95.7 
300 96.7 
350 97.2 
400 97.3 
4 H.D. 89.9 Ca, 0.150 Ca, 0.090 
200 90.1 
250 90.3 
300 91.7 
350 91.6 
400 Oran 
& ELD: 82.7 Ca, 0.250 Ca, 0.180 
200 84.1 
250 84.9 
300 85.1 
350 85.7 
400 86.1 
6 HD: 73.9 Si, 0.075 Si, 0.03 
200 73.9 
250 74.2 
300 reel 
350 4O:.2 
400 74.9 
le ED: 72.4 Si, 0.075 Si, 0.067 
200 73.3. Ca, 0.075 Ca, 0.057 
300 73.8 
400 73.8 
8 H.D 70.4 Si, 0.075 Si, 0.065 
200 (pe Ca, 0.075 Ca, 0.068 
300 71.8 
400 (flies) 
9 em: 95.0 CaBe, 1.0 Si, 0.007 
200 95.2 Ca, Trace 
250 96.4 
300 96.6 
350 97.0 
400 96.9 
10 Tel 1D)- 90.9 CaBo, 0.5 Si, 0.006 
200 91.3 Ca, 0.075 Ca, 0.045 
300 93.0 
350 93.0 
400 92.0 


Review or Data OBTAINED 


The effect of increasing amounts of residual calcium upon the anneal- 
ing temperature required to produce a given percentage of elongation 
may be seen in Fig. 5. The wire from ingot 5 deoxidized with 0.25 per 
cent calcium and containing 0.18 per cent residual calcium in the metal 
requires a temperature of at least 400° C. to approach a complete anneal, 


es 
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whereas samples from ingot No. 1 (copper containing oxygen to which no 
deoxidizer has been added) fully anneal at temperatures of 250° to 275° C. 
For comparative purposes the elongation curve for wire from ingot 6 
has been included and appears dotted in Fig. 5. This metal was deoxi- 
dized with 0.075 per cent silicon and contains 0.03 per cent residual silicon. 
That amount (0.03 per cent) of residual silicon is as effective in raising the 
annealing temperature of copper as is 0.10 to 0.20 per cent residual 
calcium, due to the fact that silicon enters into solid solution in the 
copper, in contrast to calcium, which is very slightly soluble. 
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Fig. 5.—ELonGATION oF 0.045-IN. DIAMETER WIRE OBTAINED OF ANNEALING FOR 6 
MIN. AT EACH TEMPERATURE INDICATED. 
Fic. 6.—TENSILE STRENGTH OF 0.045-IN. DIAMETER WIRE OBTAINED BY ANNEALING 
FOR 6 MIN. AT EACH TEMPERATURE INDICATED. 


In Fig. 6 have been plotted the tensile strengths for different annealing 
temperatures. The effect of calcium and silicon on the tensile properties 
for various annealing temperatures is essentially the same as its effect 
on elongation. 

In Fig. 7, percentage of elongation has been plotted against percent- 
age of calcium addition and each curve represents a different annealing 
temperature. The curve illustrates the marked effect of residual 
deoxidizer, remaining in the metal, on the annealing characteristics at the 
lower annealing temperatures. At the higher annealing temperatures the 
effect of residual calcium and silicon is not so noticeable. 


Po ty 


trical conductivity of wire, from ingots 1 to 5 inclusive, deoxidized 
th calcium, and ingot. 6 deoxidized with silicon. Owing to the ability 
_ of silicon to enter into solid solution with copper, the effect of any remain- 
ing silicon on the electrical conductivity is very marked. Fig. 8 and 

_ Table 3 show that 0.03 per cent residual silicon drops the electrical 
conductivity to approximately 75 per cent that of pure annealed copper. 


_ The effect of residual calcium on the electrical conductivity is by no 


_ PER CENT ELONGATION — 


Q037%5 0.075 OWS 
7 PER CENT CALCIUM ADDED PER CENT CALCIUM Ene 


0.25 - 0.0375 0.075 UMS aQ25 


Fia. 7. Fra. 8. 


Fig. 7.—INFLUENCE OF VARYING PERCENTAGES OF CALCIUM ON ANNEALING CHARAC- 
TERISTICS OF COPPER WIRE, 
Fig. 8.—EFFECT OF CALCIUM AND SILICON ON CONDUCTIVITY OF ANNEALED COPPER 
WIRE. 


means so detrimental as silicon, the presence of approximately 0.03 per 
cent residual calcium depressing the conductivity to approximately 97 
per cent, or only about a 3 per cent decrease. Increased amounts of 
residual calcium cause a further gradual decrease in conductivity, but by 
no means so great a decrease as is produced by silicon. Calcium not 
entering into solid solution in the copper to any marked extent does not in 
turn materially affect its electrical properties. The drop in conductivity 
which does take place is due undoubtedly to the presence of the eutectic 
that occurs as dark particles within the grains, as may be seen in ingots 
2, 3 and 4 on Fig. 2 and to some extent in the grain boundaries as in 


No: 5: 


‘ 


i “1 ab 7 er lane M ; 
trates the effect of residual calcium and silicon on the 


(not deoxidized). 
of embrittlement. 


SUMMARY — 


A high-calcitum copper alloy has been found to deoxidize cop- 
per satisfactorily. 


Residual calcium remaining in the metal, like residual silicon, raises 


the annealing temperature required to produce dead soft copper. As 
small an amount as 0.05 per cent residual calcium raises the annealing 
temperature of copper from 250° to approximately 350° C., and when 
calcium is present in amounts up to 0.20 per cent, the required annealing 
temperature is in the neighborhood of 400° C. 

Owing to the very slight solubility of calcium in copper in the solid 
state, residual calcium does not decrease the electrical conductivity of 
copper as silicon does. For a specific illustration it was found that 0.03 
per cent residual calcium dropped the conductivity of dead soft copper 
from 101 to 97 per cent, while 0.03 per cent residual silicon caused a drop 
of from 101 to 75 per cent. 

L. L. Wyman has taken samples from the 10 ingots described here and 
has conducted an investigation of their microstructure and oxygen content 
as affected by the oxidation-reduction treatment. This treatment is 
essentially an anneal in an oxidizing atmosphere at 900° C. followed by an 
anneal in hydrogen at 800° C. 
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DISCUSSION 
[This discussion refers also to the paper by L. L. Wyman, which begins on page 141. 
(Sam Tour presiding) 


KE. E. Scuumacumr, New York, N. Y. (written discussion).—Some time ago, at 
Bell Telephone Laboratories, we made a study of the deoxidation of copper with 
various metallic deoxidizers and reported our data in several publications.’ Since 


°L, L. Wyman: Copper Embrittlement, II. See page 141. 

‘KE. E. Schumacher, W. C. Ellis and J. F. Eckel: Deoxidation of Copper with Cal- 
cium and Properties of Some Copper-calcium Alloys. Trans. A.I.M.E. (1930) 89, 
Inst. Met. Div., 151-161. 

E. E. Sohibnehor. W. ©. Ellis and J. F, Eckel: The Deoxidation of Copper with 
the Metallic Deon aivars! Zinc, Beryllium, Barium, Strontium, and Lithium. Metals 
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; The data in Table 3 show, as is to be expected, a progressive lowering of the con- 
"ductivity with increasing amounts of calcium remaining in the melt. The values of 
conductivity, however, are all lower than those obtained by us in our investigation. 
For instance, we found that residual calcium to the extent of 0.18 per cent lowered 
_ the conductivity of the annealed wire to about 97.5 per cent, whereas Mr. Zickrick 
_ reports a conductivity of only 86.1 per cent for an alloy of the same composition. 
This greater lowering of the conductivity may be the result of impurities that were 
picked up from the refractory by the copper during the melting procedure, something 
_ that, unless extreme precautions are observed, can easily take place in the presence 
of an active reducing agent. By using alundum-lined graphite crucibles, as we did, 
_ it is possible to obtain deoxidized copper practically free from impurities save for any 
excess deoxidizer that remains in the melt. Mr. Zickrick reports that his alloys 
~ were melted in a graphite crucible. It has been our experience that copper melted 
__ and reduced in an ordinary clay-graphite crucible picks up appreciable quantities of 
silicon and aluminum owing to the interaction of the reducing agent with the materials 
of the crucible. We would be interested to know more about the type of crucible 
used by Mr. Zickrick; also, whether he had his samples analyzed for elements other 
than those mentioned in Table 1. 

In a recent German publication,’ Burkhardt and Sachs claim that lithium is 
definitely superior to calcium as a deoxidizer of copper. Any one, I think, who has 
worked with the metallic deoxidizers is willing to admit that lithium is a splendid 
deoxidizer. Under our conditions we find, however, that calcium functions more 

_ satisfactorily. Our experience is that the lithium, because of its great affinity for 
oxygen, attacks the refractory oxides of the crucible much more readily than does 
calcium. If real precautions are not taken to prevent this attack, sufficient quantities 

of metals will be liberated and alloyed with the copper to ruin it as a high-conduc- 
tivity material. With conditions different from ours it is easily conceivable that 
lithium might function satisfactorily. Our belief, based on recent experience, is that 

a combination such as lithium with calcium, lithium with calcium boride, or calcium 

with calcium boride will prove to be more desirable as a deoxidizer for copper 

than any single metallic element, especially if high-conductivity copper is the 
ultimate objective. 
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D. L. OaprEn, Carteret, N. J—The conductivities obtained by Mr. Zickrick with 
calcium and calcium boride were lower than those obtained in commercial tests made 
at the plant of the United States Metals Refining Co. We were able to obtain con- 
ductivities on annealed No. 12 wire of 100.5 to 101 per cent in both cases. We found, 
however, that unless extreme care was taken, iron was absorbed from the refractories, 
which in the deoxidized state caused a decided drop in conductivity. The values 
obtained corresponded closely to the data given by Heuer. We had several cases 
where the deoxidized copper contained 0.03 per cent iron with a conductivity around 
95 per cent, while with the same iron content, copper having 0.005 oxygen had a 
conductivity of 100.6 per cent. It is evident that in deoxidized copper the iron is in 
solid solution with the copper and consequently has a more marked effect on the 


& Alloys (1930) 1, 714-716. 

E. E. Schumacher, W. C. Ellis and J. F. Eckel: The Deoxidation of Copper with 
the Metallic Deoxidizers, Calcium, Zinc, Beryllium, Barium, Strontium and Lithium. 
Trans. Electrochem. Soc. (1932) 61, 91-99. 

8 Burkhardt and Sachs: Metallwirtschaft (April 22, 1932). 
9R. P. Heuer: Jnl. Amer. Chem. Soc. (1927) 49, 2711. 


by the impurities absorbed from his crucible than by the excess ; 
also found in the case of calcium boride that impurities in certain lc 
affected our final product. : aarp 
We noted with interest that in swaging down the test bars for drawing at 560° C., 
the bars cracked. We had a similar experience with calcium-deoxidized cop, oa 
Vertical cast bars were being rolled in one of the local mills to }4-in. rod. The first f 
bar, rolled at the usual temperature, around 1500° F., broke into a number of pieces, 4 
showing the exact crystal structure of the casting and enabling us to pick out indi-— 
vidual crystals of copper for study. The remaining bars were dropped in temper- — 
ature to around 1200° to 1250° F. and gave satisfactory results. : 


D. K. Crampton, Waterbury, Conn.—We can confirm the general findings 
reported by Messrs. Schumacher and Ogden with regard to the importance of impur- 
ities reduced from furnace linings and other sources. We have found in a considerable 
amount of experimental work on deoxidized copper that appreciable quantities of 
silicon, aluminum and iron are ordinarily picked up. The silicon and aluminum 
probably come mainly from the refractories and the iron perhaps more from steel 
skimmers, iron strainers, and iron molds. The effect of all these elements on con- 
ductivity is marked. Iron in particular is one of the most troublesome elements to 
contend with. 

We have done a considerable amount of work with calcium and lithium alloys 
for such deoxidation, in cooperation with Dr. Osborg of Maywood Chemical Co., 
and have obtained excellent results commercially. Recently we cast six 1000-Ib. 
heats of copper from an Ajax-Wyatt furnace, all of which were deoxidized with an 
alloy of 50 per cent cadmium and 50 per cent lithium. Samples for conductivity 
were taken from the first and last part of the heats poured, making 12 conductivity 
determinations in all. The lowest conductivity obtained was 100.9 per cent and the 
average of the 12 determinations 101.5. These consistent and excellent results show 
what can be obtained with such a deoxidizing reagent, provided proper care is taken 
to avoid contamination as referred to above. 


W. H. Basserr, Waterbury, ,Conn.—We can verify what has been said about the 
effect of iron from deoxidizing agents having done considerable work in this con- 
nection. No doubt deoxidizers reduce iron from refractories and iron from the 
various tools and refractories with which the copper comes in contact is responsible 
for low conductivity. Silicon and iron from calcium boride react to the detriment 
of conductivity. 


KE. R. Darsy, Detroit, Mich.—We have used calcium very successfully with 
certain high-strength bronzes subject to heat treatment. Where the residual calcium 
is of the order of 0.01 per cent, a strength of 100,000 Ib. can be secured, but where the 
residual calcium is higher than 0.03 per cent, a reduction of strength has resulted 
amounting to approximately 20 per cent. 


T. A. Wriautr, New York, N. Y.—We chemists are complimented by the com- 
placent way metallurgists often accept our results. However, those of us who have 
occasion often to check the work of others or study the effects of small percentages 
of added elements or impurities present are not quite so sure of some of the analytical 
procedures. Sincere and conscientious analysts get anomalous results due to analyti- 
cal limitations. 

Thus the determination of calcium in amounts equivalent to less than 0.10 per 
cent may be low on the one hand owing to incomplete precipitation of that element, 


See ig also present in amounts of a hundredth or so incomplete precipi- 
. of that metal may operate to counterbalance the calcium loss through co-pre- 
tation. The analyses as given in the paper show quite a gap when totaled. 
de from the iron content as mentioned by others, is it not also possible 
that improved practice might cuca boron in cases where calcium boride had 
been added? 
} Perhaps Dr. Schumacher’s comment on the lack of correlation between conduc- 
_ tivity despite apparent concordance of the calcium figure may be explained in part 
> by the possibility of one series of calcium determinations being low owing to incom- 
_ plete precipitation of the calcium and the analyses of the other laboratory high 
because of co-precipitation of the silicon not previously removed. Such analytical 
_ phenomena, while not always appreciated as they should be, are not so rare as some 
people think. It would appear that the spectrograph could well be employed in 
such cases. 


L. L. Wyman (written discussion)—I am pleased to hear Dr. Schumacher’s 
statements regarding his experiences with “double deoxidized”’ copper, which clearly 
corroborate our own experiences. In using these alloys, which contain such minute 
amounts of alloying elements, we are really entering a new field. Most metallurgists 
and chemists are cognizant of the fact that we can no longer rely upon the older 
constitution diagrams of alloy systems for our guidance when dealing with these 
small quantities. Also, is it not true that many of our present chemical. meghods 
: are equally antiquated, in this light, and that our future endeavors must involve 
d studies of the effects produced by additions of minute amounts of alloying elements 
and the precise determinations of the amounts of these materials actually reacting? 
. In the light of our present knowledge, we can at best but say that ‘‘under the con- 
ditions prevailing,” such are the results. 


4 
3 , 
3 
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L. Zickrick (written discussion).—Since the presentation of this paper, check 
analyses for calcium content of sample 5 have been performed by our laboratory and, 
through the courtesy of Mr. Ogden, by the laboratory of the United States Metals 
Refining Co. Our laboratory reports 0.19 per cent calcium as against 0.18 per cent 
previously. Mr. Ogden’s laboratory reports 0.18 per cent calcium in sample A; 
0.19 per cent calcium in sample B. Spectrograph analysis showed nothing but 
calcium, except a slight indication of iron. A wet analysis for iron of a 5-gram sample 
gave only a slight precipitate and the laboratory analyst reported the iron content 
as less than 0.001 per cent. 


Phosphorized and Tough-pitch Coppers 


By W. R. Wesster,* J. L. Curistiz,t anp R. 8. Prattr,} BripGErort, Conn. 


(New York Meeting, Fe bruary, 1933) 


Since the delivery of our paper on Some Comparative Properties of 
Tough-pitch and Phosphorized Copper,! a new brand known as “oxygen- 
free high-conductivity copper’ (brand OFHC) has become available to 


consumers. It was thought desirable to make a comparison between the — 


properties of this material and those of the Taam aa covered by our 
original paper and its discussion. ~ 
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Fic. 1—CHARACTERISTIC ANNEALING CURVES OF VARIOUS TYPES OF COPPER. 


Preliminary tests had indicated some notable differences. A billet of 
oxygen-free high-conductivity copper was taken from regular production. 
A chemical analysis of the particular billet was not made, but the producer 
of the material has given as typical the analysis shown in Table 1. The 


* Chairman of the Board, Bridgeport Brass Co. 

+ Metallurgist, Bridgeport Brass Co. 

{ Metallurgical Dept., Bridgeport Brass Co. 

1 Proc. Inst. Metals Div., A. I. M. E. (1927) 233. 
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Comparative Properties of Oxygen-free High-conductivi Ys 


addition, one billet each of copper deoxidized by calcium and by barium 
were submitted to us by a metallurgist of repute, but without details of 
the methods employed in making them. Portions of these billets were 
made into test pieces by following the same procedure as that employed 
in preparing all of the others and were tested. 


TaBLE 1.—Typical Analysis of Oxygen-free High-conductivity Copper 


Per Cent Perr Crent 
EeeAutimMony: . cul Authentics ae OL00ZSSPhosphoruss.5 4.44 oer ees 0.0000 
ERSTE OUOR 3 ee ce ene eee Re ee 0.0008 Selenium..... ee Teenie eee 0.0020 
FSISMVUG tek fe cle Aw sands apecae os trace COTE we chin tage ne a 0.0015 
CG rom eee, ne ceekis csi aie os OOOO SUViCD sn chin crise eicetrorsnreh ee es 0.002 
ROM ys cee Se ce ae QROOL SE SULIT eee re rete aioe 0.0025 
MECACIRE hoe eS Ee OF 0004 elluriumea eee cee 0.0011 
INCK CLO mIeeD Aansaetenias stadsigind ORO01G WiCopperts.|-5 face ee ere 99.98 
Dag OM cere yen pits Slate ero bier aie aes! 0.00002 
Motalen aa “Ade Bee FORD Oe 99.9962 


2 Oxygen not visible under the microscope at 200 diameters and not measurable 
by the ordinary laboratory methods. 


Fig. 1 shows the effect of annealing on the tensile strength, elongation, 
contraction of area and crystal size of four kinds of copper: oxygen-free 
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Fig. 2.—CHARACTERISTIC DRAWING CURVES OF VARIOUS TYPES OF COPPER. 

‘ 


high-conductivity, tough-pitch electrolytic, tough-pitch Lake and 
phosphorized electrolytic. The curves for phosphorized electrolytic and 
tough-pitch Lake copper are those already published in our earlier paper; 
those for tough-pitch electrolytic copper were drawn from data of which 


2 Proc. Inst. Metals Div., A. I. M. E. (1927) 248. 


some were given in the authors’ reply to the disdain: ) 
those of oxygen-free copper are typical of several sets of curves | 

Similarly, Fig. 2 shows the effect of cold drawing on the ten 
strength, elongation and contraction of area. 

Oxygen-free copper and electrolytic tough-pitch are relatively pure 
coppers, while Lake and phosphorized copper are alloys. It is therefore 
somewhat surprising that the oxygen-free copper resembles the phosphor- 
ized electrolytic rather than the tough-pitch electrolytic in the annealing 
temperature at which softening starts, but that resemblance has been 
shown in repeated experiments. The shapes of the temperature-grain 
size curves of phosphorized electrolytic and oxygen-free high-conductivity 
copper are worthy of note. It is recognized that for any given material 
the shapes of the curves can be changed by varying the treatment prior to 
annealing. In the experiments under discussion the previous treatments 
of all the coppers were the same, and so the apparent difference in the 
temperature at which rapid grain growth occurs is due to differences in the 
character of the coppers. 


TaBLE 2.—Loss in Weight in Annealing, Quenching and Pickling* 
Grams per Square Inch of Surface 


a ‘ 2 Loss in Weight in Quench- 
pees on aoe Loss in Weight in Quenching ing, Percentage of 
Taipan & otal Loss 
see Pn a 
eg. 
Tough- Tough- Tough- 
Phos. Phos. : Phos 4 
OFHC pitch OFHC pitch OFHC : pitch 
Bee al Bilao, TPs le nles: Hibs! 1? Wee. 
500 0.027 0.017 0.029 0.019 0.015 0.022 70.4 88.2 75.8 
600 0.053 0.041 0.051 0.044 0.032 0.048 83.0 78.1 94.1 
700 0.076 0.095 0.071 0.043 0.091 0.065 56.6 95.8 91.5 
800 0.226 0.185 0.151 —0.015¢ 0.159 0.021 0.0 85.8 13.9 
900 0.362 0.367 0.359 —0.006° 0.300 —0.034° 0.0 81.7 0.0 


2 Samples consisted of tubing 134 in. O.D. by 0.156-in. wall by 1 in. long. They were annealed in 
muffle at indicated temperatures for }4 hour. 
+ Indicates an increase in weight. 


On the drawing curves the high values for contraction of area and the 
flatness of the curve for oxygen-free copper are outstanding. It is 
recognized that phosphorized copper is much better suited for the manu- 
facture of small seamless tubes than is tough-pitch copper. It was 
demonstrated in our earlier paper that the difference in properties of the 
two can be shown best by the position and slope of the contraction of area 
curves. On this basis, while confirmatory evidence is lacking as yet, it 
would appear that oxygen-free high-conductivity copper is capable of 
withstanding more severe drawing operations and a greater number of 
consecutive operations than even the phosphorized copper. | 
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= ‘The tests on the copper deoxidized with calcium and on the copper 


A _ deoxidized with barium gave results approximating those obtained from 


On ea eee 


phosphorized electrolytic rather than oxygen-free high-conductivity 
copper. Because we are not sufficiently familiar with the properties of 
copper deoxidized with calcium and barium, we do not know whether the 
figures can be considered typical; therefore do not record them here. 

It has been noted in processing oxygen-free high-conductivity copper 
that annealing scale tends to adhere to the metal, as it does with tough- 
pitch copper, instead of flaking off, as from phosphorized copper. Scaling 
experiments similar to those reported in our earlier paper were repeated, 
using tough-pitch electrolytic, phosphorized electrolytic and oxygen- 
free high-conductivity copper. In addition, after quenching, the samples 
were pickled to remove all the oxide formed. Figures on loss in weight 
are given in Table 2, showing that the total amount of oxide formed at a 
given temperature was about the same for all three kinds of copper. The 
figures also show that quenching removes very little scale from oxygen- 
free high-conductivity copper and tough-pitch electrolytic copper after 
annealing above 700° C. 


DISCUSSION 
(Albert J. Phillips presiding) 


W. B. Priczn, Waterbury, Conn. (written discussion) —The authors make the 
following statement: ‘“‘On this basis, while confirmatory evidence is lacking as yet, 
it would appear that oxygen-free high-conductivity copper is capable of withstanding 
more severe drawing operations and a greater number of consecutive operations than 
even the phosphorized copper.” Our experience in drawing tubes of 3¢ in. outside 
diameter with a 0.005-in. wall thickness, drawn from 0.018-in. wall thickness to the: 
finished wall thickness of 0.005 in., may be of interest. We used both phosphorized 
copper and oxygen-free high-conductivity copper and found that we had to use the 
same number of anneals between the redraws with both grades of copper. Seven 
redraws in all were used. This material was used soft and an additional forming 
operation was then carried out on the tube. We attempted to eliminate one or two 
anneals but found that with such thin material the metal would not stand the forming 
operation. However, for such articles as hard-drawn shells, for pencil tips, we would 
agree with the authors’ statement as given above, that the oxygen-free high-con- 
ductivity copper would require fewer anneals than the phosphorized copper, and it 
might even be possible to draw these shells with six redraws without any proc- 
ess annealing. 


W. R. Wesster (written discussion)—We have found it perfectly practicable to 
draw oxygen-free copper tube from 0.542 in. by 0.0185 in. to 0.375 in. by 0.005 in. in 
five draws and two anneals, the initial reduction being 35 per cent and the final 
19 percent. In operations of this character, however, there are other factors involved 
than the mere ability of the material to withstand the reductions. 


Fabrication and Properties of Seamless PhOAE a od 
Copper Tubing* 


4 ee oh 
By G. L. Crara,+ Corumsus, Onto, anp O. Z. Kuorscu,{ Derrorr, Risen: 


(New York Meeting, February, 1933) 


ABSTRACT 


Tue fabrication characteristics and properties of phosph 
arsenical Lake copper have been compared with phosphorized 
. Lake and phosphorized electrolytic seamless copper tubing, in a : 
of mill-scale tests employing commercial drawing schedules. 
u phorized arsenical coppers containing as much as 0.20 per cent 2 
were drawn with various reductions into 7% and 3¢-in. seamless pe 
‘ along with billets of the two types of arsenic-free copper. The effect . 
; of arsenic was determined by the average power required to draw given 
i: compositions and by the final properties of the respective materials in 
the annealed condition and after various degrees of cold reduction. : 
Power consumption data show that no more power is required to draw ~ 
arsenical coppers of this type than the arsenic-free copper. The results — 
of tensile tests indicate that arsenic increases the strength of cold-drawn 
tubing somewhat, but has no measurable effect on the properties of 
annealed tubing; the ductility of the tubing as evidenced by the elonga- — 
tion and other prescribed tests is unaffected by 0.20 per cent arsenic. 


* This paper is available at the office of the Institute as Contribution No. 15. 
{ Metallurgical Engineer, Battelle Memorial Institute. 
{ Factory Manager, Wolverine Tube Co. 
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,. SCUSSION OF THIS PAPER IS INVITED. It should preferably be presented in person at 
he New York Meeting, February, 1933, when an abstract of the paper will be read. If this is impos- 
le, discussion in writing may be sent to the Editor, American Institute of Mining and Metallurgical 
ngineers, 29 West 39th Street, New York, N. Y., for presentation by the Secretary or other representa- 
tive of its author. Unless special arrangement is made, the discussion of this paper will close April 1, 
_ 1933. Any discussion offered thereafter should preferably be in the form of a new paper. 5 


Fabrication and Properties of Seamless Phosphorized 
Arsenical Copper Tubing 


By G. L. Craic,* Cotumsus, Onto, anp O. Z. Kuopscu,t Derrorr, Micu. 
(New York Meeting, February, 1933) 


Copper containing a small amount of arsenic has been used extensively 
: abroad, and a number of reports, particularly those by English workers, 
j have indicated that such copper is better suited for certain uses than 
_ high-conductivity copper. 

Inasmuch as a large percentage of the copper fabricated is used for 
nonelectrical purposes where high conductivity is not at all essential, 
it has been suggested that arsenical copper might be at least as suitable 
as high-conductivity copper for many purposes. An investigation spon- 
; sored by the Calumet & Hecla Consolidated Copper Co. at Battelle 
Memorial Institute was therefore undertaken with the object of determin- 
ing the effect of small amounts of arsenic (up to 0.75 per cent) on the 
properties of copper. In this work the effect of arsenic on the basic 
properties of tough-pitch and of phosphorized copper have been critically 
studied and many data collected from laboratory experiments which 
have been supplemented by mill-scale tests. The results of these tests, 
with coppers of the type referred to, in the annealed condition and after 
various degrees of reduction, show that the basic properties of copper 
are not greatly affected by small amounts of arsenic, an increase in 
strength being observed with increasing arsenic with no corresponding 
decrease in ductility. 

It is well known that the evaluation of material for plastic deforma- 
tion, on the basis of laboratory tests, may not be directly comparable 
with its performance in commercial operations. In order, therefore, to 
substantiate the data obtained at the Institute, the cooperation of the 
Wolverine Tube Co. was obtained for a series of production tests on the 
fabrication characteristics of phosphorized arsenical copper in the manu- 
facture of seamless copper tubing. In these tests the behavior of the 
arsenical coppers was carefully observed in comparison with that of 
representative types of phosphorized arsenic-free copper, which were 
fabricated under the same conditions. 


* Metallurgical Engineer, Battelle Memorial Institute. 
+ Factory Manager, Wolverine Tube Co. . 
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1 The first dimension represents the external diameter of the tubing and the second 


dimension the wall thickness. 


This convention is followed throughout. 


if “= The primary charge in the preparation of all compositions, with the 
Small 


xception of the electrolytic, consisted of prime Lake copper. 
ingots were melted in a 1-ton oil-fired reverberatory furnace. The charge 
was oxidized to remove traces of impurities and poled to the tough-pitch 
stage. For the arsenic-free billets, sufficient metal for casting one billet 
was tapped into a ladle, the requisite amount of phosphor-copper for 
deoxidation added and the billet cast. The arsenical billets were then 


_prepared in the order of increasing arsenic content, by additions of metal- 
lic arsenic to the melt followed by phosphorizing and casting. The 


billets were cast into preheated cylindrical iron molds, which had been 
coated with a dressing of lard oil and graphite. After solidification the 
billets were removed from the molds and quenched in water. 

Base tubes approximately 2 by 0.130 in. were formed from the billets 
following the regular production schedule used in this mill. In the 
forming operation no differences were observed in the behavior of the 
various lots. The base tubes were then drawn cold in the usual manner, 


the reduction in area per draw being approximately 30 per cent. The 


power required for each draw was determined by means of a recording 
wattmeter. A typical portion of a chart is shown in Fig. 1. After the 
second draw the tubing was annealed at 700° C. 

The average net power required is shown in Table 2. Readings for 
the first draw indicated that the power required for drawing decreased 
as the arsenic content of the tubing increased; this is, however, unques- 
tionably due to a variation in the size of the base tubes rather than to the 
composition of the material. On the third and subsequent draws any 
variation in power requirements was due solely to the composition of the 
tubing, as all lots were annealed after the second draw, and were drawn 
through the same dies. Care was taken to see that the order of drawing 
was not a function of the arsenic content. No difficulty was encountered 
in drawing any of the lots, and, as may be observed from the data in 
Table 2, as much as 0.20 per cent arsenic did not increase the power 
required. 

As a more severe test of the working properties of copper, a different 
lot of tubes of phosphorized electrolytic copper and of phosphorized 
Lake copper containing 0.20 per cent arsenic and 0.018 per cent residual 
phosphorus were drawn from 2 by 0.130-in. base tubing to 3g by 0.028-in. 
tubing without intermediate annealing, a total reduction of 95.7 per cent. 
No difficulty was encountered in drawing either group of tubes, and the 
net power required, shown in Table 2, indicated that within the limits 
of accuracy possible the same power was required for drawing the two 
classes of material. 

The power requirements for each pass in drawing the electrolytic 
copper and the Lake copper containing 0.20 per cent arsenic both when 
annealed after the second pass and when not annealed are shown in Fig. 
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Fic. 1.—PoWER CURVES FOR ALL SERIES, FOURTH DRAW. 


From se data it is ob us that for drawing tubing no measurable 
e in the power ‘required results from the addition of 0.2 per cent 
es to phosphorized copper. 


MECHANICAL PROPERTINS oF TUBING 


The properties of the Folorang four types of tubing were studied: (1) 
base tubing, (2) annealed 7 g by' 0.065-in. tubing, (3) annealed 3¢ by 0.028-in. 
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ANNEALED AFTER SECOND DRAW 
O—— ELECTROLYTIC 
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DRAWN WITHOUT ANNEALING 
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- Via. 2.—PoOWER-CONSUMPTION CURVES FOR ALL SERIES WITH AND WITHOUT INTER- 
MEDIATE ANNEALING. 


tubing prepared by annealing after the second draw, and (4) annealed 
and unannealed 3g by 0.028-in. tubing drawn without intermediate 
annealing. Tensile tests were made on annealed tubes with plugs inserted 
at both ends in order that the tubes could be firmly gripped in the test- 
ing machine. | : 


Base Tusine AnD 7% By 0.065-1n. Service TUBING 


As nearly as could be determined by tensile and hardness tests on the 
base tubing, there was no difference between the properties of the arsenical 
and the nonarsenical tubing. 
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_ The 7% by 0.065-in. (84 i in. inside diameter) service tube was drawn 


“5 Sein lengths cut from the base tubes after the second draw. The result- 
_ing lengths were annealed continuously at 700°C. The tubes were drawn 
from this size to the final size in two draws, the total reduction amounting 


to 30.6 per cent. The service tubes were coiled and bright-annealed at 
700° C. for 1 hr. and had an average grain size of approximately 
0.025 millimeters. 

The tensile properties of the annealed tubing are shown in Table 3, 
where each value is an average obtained from six tests. As these data 
show, arsenic has no apparent effect on either the tensile strength 
or elongation. 

Specimens of a length 114 times the outside diameter (15/¢ by 34 in.) 
of the tubing under test were prepared from the same lengths and com- 
positions used for the tensile tests, and were tested in compression follow- 
ing the procedure outlined in current A.S.T.M. standards. Duplicate 
samples from each tube were compressed by placing the specimens upright 
between the jaws of a testing machine, and applying the load gradually 
until the specimen had folded completely on itself as indicated by a sudden 
increase in load. All compositions were tested in this manner and in no 
single instance did cracks or other defects occur which might be indicative 
of failure. It is therefore concluded that all compositions in the series 
when fabricated and tested in the manner described will successfully 
pass such, tests. 


TaBLE 3.—Tensile Properties of Annealed 7% by 0.065-in. Service Tube 


Tensile Elongation, Per Cent 
Ke Type a 
Sq. In.* 2 In. | 4 In. | 8 In. 
0 | Phosphorized prime Lake............. 33,675 60.1 51.4 | 45.2 
1 | Phosphorized arsenical Lake, nominally 
O.G5 per cexnttiAs 5. Sas ek ie lee 32,775 58.4] 48.7] 42.7 
2 | Phosphorized arsenical Lake, nominally 
UNO MperrceMteAS ies. fone wee enc atee oe ee 2: 33,150 58.2}; 50.0} 43.2 
3 | Phosphorized arsenical Lake, nominally 
Ouivemer Cetlimeer its suteaswiek. | opt wees 34,000 58.7.| 50.4) 43.9 
4 | Phosphorized arsenical Lake, nominally 
OE IET COME PAS eae t aie os cin diesem 33,800 60.4) 52.2) 45.6 
Reg.| Commercial phosphorized electrolytic 
CODPRIM LOR ceIee <t Sauer AN cncle sole 33,275 55.9] 48.9} 42.3 


@ Bach value is the mean of six determinations. 


Flaring tests were made on three specimens cut at random from tubes 
of each composition in the series, and from the same tubes from which the 
tensile specimens were taken. The specimens were 4 in. long, in accord- 
ance with specifications, allowing a sufficient length over the depth of 


Fs eS ? lt 
: peer hae = 
we SsS GL. CRAIG AND 0. %Z. KLOPSCH v4 


ae a 
On = ES 


the die block for the flange. The specimens ¢ 
and formed by placing the whole assembly in t. mpres: 
tensile testing machine. After flaring the ram was raised and th 
replaced with a flattening tool. The ram was then lowered and the co: 
cal flange completely flattened on top of the die block. All compositi a = 


withstood the test equally well without the appearance of defects and 
without showing any indication of failure. 

Three specimens, 114 in. long, from each of the tubes on which the 
other reported tests were made, were flattened longitudinally by placing 
them in the compression jaws of a testing machine and applying the — 
load until the specimens had been completely flattened. There was no 
evidence, in any of the compositions tested, of cracks or other types 
of defects indicative of failure. . 

In order to supplement the compression tests, opening tests were 
made on a series of two 3-in. specimens from each lot under test. The 
specimens were split and flattened completely without showing cracks 
or flaws. 


3¢ BY 0.028-1n. TUBING 


In the tubing produced by intermediate annealing after the second 
draw. the total amount of cold reduction was approximately 87.1 per 
cent. This tubing was bright-annealed at 700° C. ina continuous furnace. 

The results of tensile tests on this tubing are given in Table 4, where 4 
it will be observed that, like the 7¢ by 0.065-in. tubing, there is no real | 
difference between the properties of the arsenical and the nonarsen- 
ical materials. 6 


TABLE 4.—Tensile Properties of Annealed 34 by 0.028-in. Seamless Copper 
Tubing 


Intermediate Anneal after Second Draw 


os Tensile Elongation, Per Cent 
i Type Senet 
Sq. In.¢ 2 Int 4 In. 8 In. - 
“4 
Phosphorized prime Lake............. 36,050 52.0 | 46.7] 43.4 . 
1 | Phosphorized arsenical Lake, nominally 
0.05 "per cent As... 0. een nee 36,300 52.3 | 46.0] 42.1 
2 | Phosphorized arsenical Lake, nominally 
OULO PericentwAs: %...,,.\ eeeeee ce oe ene 36,400 52.1] 46.9] 42.5 
3 | Phosphorized arsenical Lake, nominally 
O:17 percent Ag, eee ain ee ee 36,000 54.0} 48.1) 438.4 
4 | Phosphorized arsenical Lake, nominally 
O20 pericontwAG.. +. eee 36,050 53.1] 47.4] 42.8 
Reg. | Commercial phosphorized electrolytic 
COD PCR eri). dk ks Bm esate wee 36,100 51.4) 46.2] 41.2 


ee eee 
“ Hach value is the mean of five determinations. 


r 4e2 ed “7 = ANN ovis ren le F , - 
Taste 5.—Tensile Properties 3 by 0.028-in. Seamless Copper Tubing | 
ty : shoes Elongation, Per Cente 
. rength, 
Type Lb. per 


Sq. In. 2 In. | 4 In. | 8 In. 


UNANNEALED. Drawn From Bass Sizz WiTHout ANNEALING. 96.5 Per CENT 


REDUCTION 
Phosphorized electrolytic COP DENI ee ee ee — 65,800 5.9 4.3 3.4 
Phosphorized arsenical Lake copper.......... 70,225 6.5 4.3 3.4 
BRIGHT-ANNEALED. No INTERMEDIATE ANNEAL 
Phosphorized electrolytic copper.......... bs 35,325 52.7] 46.9] 48 0 
_ Phosphorized arsenical Lake copper.......... 36,550 54.2 | 48.6] 438.2 


2 Hach value is the mean of five determinations. 


Hydrostatic tests were made on a series of representative samples 
of the 3g by 0.028-in. tubing and representative tubes from each com- 
position withstood an internal hydrostatic pressure equivalent to a 
fiber stress of 6000 lb. per sq. in. 

In the 34 by 0.028-in. tubing drawn without intermediate anneals 
the total reduction was 96.5 per cent. The tensile properties of both the 
annealed and unannealed materials are given in Table 5. According to 
these data, arsenic increases the strength of the unannealed tubing, but 
has no measurable effect on the tensile properties of the annealed tubing. 
By comparing these data with those given in Table 4 for the annealed 
tubing, it will be observed that practically no difference exists in the 
final properties of the two lots reduced 87 and 96.5 per cent respectively. 


SUMMARY 


Observations of the behavior of arsenical and nonarsenical phos- 
phorized copper in the production of seamless tubing indicates that as 
much as 0.2 per cent arsenic has no measurable effect on the behavior 
of the tubing during fabrication. Both arsenical and nonarsenical 
copper can be given drastic reductions in area without intermediate 
annealing, and the same power is required for drawing arsenical copper 
as for arsenic-free copper, as shown by these tests. 

Tensile tests prove that arsenic increases the strength of the cold- 
drawn tubing somewhat, but has no measurable effect on the strength 
of annealed tubing. The ductility of the tubing, as evidenced by the 
elongations found in the tensile tests and other tests described above, is 
unaffected by 0.20 per cent arsenic. 

On the basis of the present tests it is concluded, therefore, that in 
the range of reductions dealt with, arsenic has no appreciable effect on 
the fabricating characteristics of copper. 
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Directional Properties in Cold-rolled and Annealed 
Commercial Bronze 


By Arruur Puinuirs,* New Haven, Conn. and Cart H. Samans,}{ WATERBURY, 
- Conn. 


(Buffalo Meeting, October, 1932) 


THE study of anisotropy in metals has been greatly stimulated in 
recent years by the rapid development of X-ray methods for determining 
the crystallographic relationships of wrought and annealed materials. 
Prior to this time the knowledge regarding the directional properties of 
commercial alloys consisted almost exclusively of observations of a 
practical nature made during the fabrication of metal objects, supple- 
mented by a limited number of mechanical tests on specimens cut at 
various angles to the direction of working. Such observations clearly 


_ indicate that the common methods of cold-working metals cause both 


a crystallographic and a mechanical fibering varying in character and 
degree according to the nature and extent of the deforming process. 
Even after annealing, following certain not too well known combina- 
tions of reductions and anneals, a preferred orientation may exist, 
thereby constituting a residual fiber effect sufficiently pronounced to 


-manifest directional properties. 


With the’ application of the X-ray the experimental horizon was 
extended chiefly because the study of anisotropic metals promised to 
offer direct and quantitative evidence regarding the involved mechanism 
of fragmentation and plastic flow. As a natural consequence the 
intensive studies in this direction have yielded a vast accumulation of 
data of ultimate potential value. Unfortunately, however, as is com- 
monly the case in entering a virgin field of experimentation, many of the 
data cannot be molded into complete and coherent form because of 
the many unrelated conditions of the experimental projects. Again, the 
results of the study of single crystals have been rather naturally but at 
times indiscriminately applied to polycrystalline metals. Furthermore, 
sweeping statements have been made regarding the behavior during 
working and annealing of metals and alloys, entirely on the basis of 
similarity in lattice arrangement. There is abundant reason for believing 
that relatively small concentration variables, differences in magnitude and 
distribution of applied stresses, and the character of associated annealing 
treatments may in some cases greatly influence the mechanics of flow 


* Associate Professor of Metallurgy, Yale University. 
{ Chase Brass & Copper Co. 
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and consequently largely determine the final structural characteristics of : 

the metal. 

The rather extreme anisotropic conditions frequently found in 
annealed materials lead to local but usually symmetrical plastic flowing 
under applied stresses. This tendency is commonly manifested in vary- 
ing degrees by the formation of “ears” or “tips’’ on drawn objects. The 
differential yielding of the metal is extremely troublesome in that its — 
cause is often difficult to determine and, for this reason, the remedy is 
necessarily sought by “cut and try” methods. 

Recently one of the writers published the results of a series of tests 
detailing some of the directional tendencies of two kinds of copper in the 
cold-rolled and annealed states.!_ The present paper deals with a broader 
study of fiber effects, in that it includes not only the tensile properties but 
also cupping tests, which are generally considered to be extremely sensi- 
tive in revealing anisotropy in annealed metals. A study of the fiber 
texture of the variously treated specimens will be published at a later date. 

Although some attention has been paid to the directional differences 
in tensile properties and other mechanical properties of wrought metals, 
and at least one investigator? has measured the height of ears on copper 
cups drawn from metal subjected to a wide range of treatments, as far as 
we are aware no systematic study has been published which attempts to 
correlate cupping and tensile results on specimens that have received 
rolling and annealing treatments sufficiently diverse to cover the latitude 
of common mill practices. It is frequently stated by mill operators that 
the ordinary tensile test is no criterion as to whether or not a material will 
produce ears on cupping. This question should be answered by the 
results of this experimental program. 


PREPARATION AND COMPOSITION OF MATERIAL 


The composition of the brass used in this work was as follows: copper, 
90.08 per cent; zinc, 9.88; lead, 0.012; iron, 0.030. This alloy, commonly 
known as commercial bronze, was selected because of its wide application 
where deep-drawing properties are essential. It may be added, also, that 
this brass is rather prone to develop ears under certain combinations of 
mill treatments. 

Five bars of this analysis were cast from the same round. Each bar 
was tested for specific gravity and fracture, in order to establish the 
soundness of the metal. It was decided to restrict the rolling and anneal- 
ing treatments to limits fairly representative of current mill practice in 
order to obtain data of practical significance. Each bar was rolled on a 


separate schedule to a thickness of 0.032 in. The treatments chosen 
were as follows: 


‘A. Phillips and E. S. Bunn: Directional Properties in Cold-rolled and Annealed 
Copper. Trans. A.I.M.E. (1931) 93, Inst. Metals Div., 353. 

2K. Kaiser: Die Entstehung von unebenen Randern und Hohlkérpen aus Kupfer- 
blech. Ztsch. f. Metallkunde (1927) 19, 435. 


Bar A. 


Light reductions with light anneals. 


Bar B. Light reductions with high-temperature anneals. 
i Bar C. Moderate reductions with light anneals. 
Bar D. Moderate reductions with high-temperature anneals. 


Bar E. Very heavy reduction. 


The schedules are given in greater detail in Table 1. 


TaBLE 1.—Rolling and Annealing Schedules 


A 


B 


Cc 


D 


E 


Rolled to 0.625 in. 
Annealed, 600° C. 
Overhauled 

Rolled to 0.325 in. 
Annealed, 600° C. 
Rolled to 0.204 in. 
Annealed, 600° C. 
Rolled to 0.128 in. 
Annealed, 600° C. 
Rolled to 0.081 in. 
Annealed, 600° C. 
Rolled to 0.051 in. 


Annealed, 600° C. 


Rolled to 0.032 in. 
Final reduction = 
37 per cent 


Rolled to 0.625 in. 
Annealed, 800° C. 
Overhauled 
Rolled to 0.325 in. 
Annealed, 800° C. 
Rolled to 0.204 in. 
Annealed, 800° C. 
Rolled to 0.128 in. 
Annealed, 800° C. 
Rolled to 0.081 in. 
Annealed, 800° C. 
Rolled to 0.051 in. 
Annealed, 800° C. 
Rolled to 0.032 in. 
Final reduction = 
37 pre cent 


Rolled to 0.625 in. 


Annealed, 600° C. 
Overhauled 


Rolled to 0.181 in. 


Annealed, 600° C. 


Rolled to 0.072 in. 


Annealed 600° C. 


Rolled to 0.032 in. 


Final reduction = 
56 per cent 


Rolled to 0.625 in. 
Annealed, 800° C. 


Overhauled 


Rolled to 0.181 in. 


Annealed, 800° C. 


Rolled to 0.072 in. 
Annealed, 800° C. 
Rolled to 0.032 in. 


Final reduction = 
56 per cent 


Rolled to 0.625 in. 

Annealed, 700° C. 

Overhauled 

Rolled to 0.032 in. 

Final reduction = 
95 per cent 


Trsts ON THE HARD-ROLLED MATERIAL 


It was decided to make tensile tests in five directions on the hard- 


rolled sheets. 


Three test pieces were pre- 


pared, cut at the following angles with 
respect to the rolling directions: 0°, 22.5°, 
45°, 67.5° and 90°. The testing data so 
obtained, including Rockwell hardness 
tests, are summarized in Table 2, and 
graphically shown in Fig. 1. In general, 
it may be stated that the transverse (90°) 
strength is the highest; furthermore, the 
strength values increase progressively from 
the 0° to the 90° positions, with the 
possible exception of the 22.5° direction, 
which seems to show a slight minimum 
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point in the material with light and moderate reductions. In the 
severely rolled brass (E) the curve rises steadily from the longi- 
tudinal (0°) value until an increase in strength of approximately 
17 per cent is attained in the transverse test. It is interesting to note the 
difference in strength values of the C and D series, which clearly indicates 
that, although the lower temperature of anneal prior to the last reduction 


Rockwell | 

B, We-in. | 
ries | Ball, 60-kg. 

Load 
A| 98.5 | 59,300 | 57,200 | 60,400 | 60,900 | 63,450 | 2 
B 98.0 | 59,950 | 60,050 | 60,600 | 62,200 63,050 | 2 
Cc 104.0 | 74,000 | 73,100 | 73,500 | 76,800 77,300 | 4. 
D 101.5 | 67,600 | 66,500 | 68,200 | 70,800 72,500 | 3 
E 107.5 | 81,800 | 85,100 | 87,000 | 90,400 | 95,200 | 5 


gives the higher strength, the relative directional properties are essentially 


the same. 
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LAKE COPPER. 


It might be appropriate to emphasize what seems to be an important 
difference between copper and brass in the work-hardened condition. 
According to Phillips and Bunn,’ the transverse strength of copper of 
normal oxygen content reduced 90 per cent is only about 3 per cent greater 


a 
1 7, 


than the strength longitudinally. Furthermore, there is a decided mini- 
mum point in the 45° direction. For comparison with the 90-10 brass, 
typical results of similar tests on copper have been included in Fig. 2. 


5 Reference of footnote 1. 


Bauer, Géler and Sachs‘ have made the same observation with respect to 
the minimum point at 45° and state that a brass containing about 98.5 per 
cent copper represents in this respect a transition alloy between copper 


and the higher zinc-content alpha brasses. 


TESTS ON THE ANNEALED MATERIALS 


From each of the rolled strips 15 specimens were cut in each of the 


_ five directions previously mentioned. Three of each series were annealed 
for 30 min. at 400°, 500°, 600°, 700° and 800° C. This program necessi- 


tated the heat-treating and tensile-testing of 375 strips. From each 
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Fig. 3.—DIRECTIONAL PROPERTIES OF ANNEALED 90-10 BRASS. 


rolled sheet 30 pieces were removed for the cupping tests. Six samples 
from each of the five materials were annealed at the temperatures men- 
tioned above. In other words, measurements were made on 150 cups. 
After the square pieces were annealed they were cut and drawn in one 
operation, using a blank diameter of 2.058 in. and a die diameter of 1.120 
in. The reduction of the cup wall was approximately 45.5 per cent. The 
cups were drawn with the rolling direction of the original sheets in 
the same direction with respect to the press set up. Table 3 details the 


40. Bauer, F. Géler und G. Sachs: Untersuchungen an Kupfer und Messing. 


Zisch. f. Metallkunde (1928) 20, 202. 


average values of the Rockwell hardness, ain ; VEE 
tests. The tensile and elongation values are shown in Fig. 3 


TaBLE 3.—Properties of Annealed 90-10 Brass ‘y 


Tem- Rock-| Tensile Strength, Lb. per Sq. In® Hengsece In., 
fare. Grain well 5, 
_| ture Laaet ee ee ee 

igs of mi Size, erin 
Dee | | CaKE| oe | 22.5¢| 45° | 67.5°| 90°.| 0° |22.5° | 45° |67.5° | 90° 
Tesen 

A 400 90.5 | 51,600, 52,300) 49,000 4730 48,000 16. 25.5/26.5 d 

.011) 66.5 | 42,600) 41,700] 41,550) 42,150 


42,250)\41. 
.012| 64 41,450) 41,100) 41,150) 41,150; 41,250/40. 


0 

0 45 (44.6 <0.005 
700 | 0.018] 57.5 | 39,360} 39,200) 38,580) 38,200) 38,300/41. 

0 


800 .070) 53 36,350] 35,850) 35,800) 36,350) 36,750 39 44 |44 0.011 
B 400 89 49,700| 48,100| 47,700| 47,000 47,900:18 20.5/23.5 d “ 

500 0.014) 64 41,650) 41,000) 41,170) 41,130) 40,950 40. 45.5)45.3) 20.003 

600 0.017) 63.5 | 41,050) 40,100] 40,550) 40,500) 40,400/43 45 |44 | 20.005 

700 0.032) 56 37,200) 36,900) 36,400) 36,700 36,500/45.5 47 |46 | absent 

800 | 0.045) 53.5 | 36,900| 36,150) 36,200) 36,650) 36,250/42.8 43.3/43.1| absent 
Cc 400 77 46,700) 45,600) 44,800) 45,200 45,200 39 39 (41 40.5/41 d 


5 
500 | <0.009) 75.5 | 47,000) 44,100) 44,700) 44,850) 44,800'37.3) 39.1/41.2) 41.7|/41.7; 0.009 


700 | 0.010) 64 40,700) 40,200) 39,100) 39,000) 40,200/41 42.545 | 45.5)45 0.011 
800 | 0.037) 59 39,150) 38,150| 36,300 37,000) 37,750 37.5) 39.545 | 44 |44.5| 0.035 


D 400 78.5 | 45,900| 45,500) 44,300) 49,800) 48,500/32.5) 32.538.5, 23 |34 
500 0.010 69.5 | 44,100) 43,300) 42,400) 42,700) 42,200 41 43 43 43 (43 |<0.005 
600 0.014) 66.5 | 43,100) 41,800) 42,200; 42,100) 41,300/42 43 (43 43 |44 |<0.005 
700 0.030! 60 36,700) 37,800) 37,400| 37,600) 37,500)43 45 (45.5) 46 |46 | <0.005 
800 0.039) 59.5 | 38,300) 37,300) 36,800) 36,750) 36,500/40.6; 42.346 43.5/46.5) 0.008 
E 400 82.5 | 48,400, 47,600) 46,300) 49,500) 45,300 37 39 |37.5| 34 (38 
500 | <0.009| 77 48,000, 46,350) 45,000) 44,300, 44,400/38 40.5/41.2) 40.2/40.2) 0.011 
600 0.012) 65.5 | 45,900) 44,350) 42,500) 42,150) 42,150|37.5| 42 |44.5) 43.7/44 0.014 
700 0.027| 55 42,200) 39,100 36,700) 37,500) 35,800/40 45 (47.5) 47.5 46.5) 0.023 
800 0.052) 50.5 | 40,300} 36,200, 33,600] 34,500) 34,100/32 42 '47 46.548 0.054 


a Average of ten tests. 


¢ Average of six tests. 
+’ Average of three tests. 


4 Not completely recrystallized. 


Considering first the tensile strength, it is evident that the A and B 
series, representing low-temperature and high-temperature anneals 
respectively, give almost identical absolute values and show no pronounced 
directional differences. The C and D series (moderate prior reductions 
with low-temperature and high-temperature anneals, respectively) give 
somewhat higher tensile values than the A and B series, especially for the 
final anneals at the lower temperatures. This difference, of course, 
indicates the significance of the heavier reductions prior to the last anneal. 
Also C, in which the intermediate anneals were at the lower temperatures, 


yields higher strength values than D, in which the anneals were at higher — 


temperatures but following same reductions. Furthermore, the C series 
begins to display some directional differences, particularly after the higher 


44 |44 |<0.005 


45.0/45.3| <0.005 : 


600 | <0.009| 71.5 | 45,300) 44,700) 44,300) 43,800| 43,800/38.5) 41 |43 43 |43 0.008 — 
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finalanneals. In the E tests, final reduction 95 per cent, there are decided 
differences, again more evident after the anneals at the higher tempera- 
tures. The tensile strength drops from a maximum value in the longi- 
tudinal direction to the 45° value which holds almost constant through the 
90° position, although there does appear to be a slight increase at 67.5°. 
For example, after an anneal at 800° C. the longitudinal specimens were 
about 18 per cent stronger than the transverse pieces. 

Considering next the elongation values, we find significant differences 
in spite of unavoidable irregularities due to the nature of the test. 
Reviewing series A, B, C and D collectively, it appears that in general 
the trend is upward from the 0° to the 45° position and that then the 
- value is maintained to the 90° direction. This again is especially true of 
the higher anneals. In the E series there is a striking difference in elonga- 
tion values from 0° to 90°. For the 800° C. anneal the elonga- 
tion increases from 32 to 48 per cent—an increase of 50 per cent. 

From the results of the cupping tests as shown in Table 3 it is obvious 
that the height of the ears parallels the directional differences found by the 
tensile tests. In all cases, the four ears were found at 45° to the rolling 
direction. After certain treatments the ears formed were too small to be 

measured accurately and these results were tabulated as <0.005 in. It 
was found possible, however, to make a more definite comparison of 
these groups by visual examination. For example, it can be said that the 
A group showed a greater tendency to ear than the B; likewise, the C 
developed higher ears than the D. In other words, for the same inter- 
mediate and final reductions and the same final anneal, the lower the 
intermediate anneals the greater was the tendency to ear. As might be 
expected from the tensile data, the highest ears were found in the E series. 
In the cups of this series annealed at 800° C. an average ear height of 0.054 
in. was attained. 

A casual inspection of the cups of each series showed that the troughs 
bisected by the rolling direction of the sheet were lower than the other 
pair. For example, a typical set of measurements around the cup (made 
on the E series; 800° C. anneal) is given in Table 4. 


TABLE 4.—Typical Measurements around a Cup 


INCHES 
High | Low Difference | Mean | Position of Low Point on Cup 
0.684 | 0.639 0.045) | 90° 46 rolling direction 
0.681 | 0:616 == 0.065 0.048 0° to rolling direction 
0.672 0.622 0 asa) 0.062 90° to rolling direction 
0.678 0.620 0.058 0° to rolling direction 
| es 
Average..... | | 0.055 


yore 
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~ 


It is significant that the low troughs bisected by the rolling direction 
lie in the direction of minimum elongation; namely, the longitudinal 
direction of the strip. 


CoMPARISON OF 90-10 Brass WITH COPPER 


Attention has already been drawn to what seems to be a fundamental 
dissimilarity in the character of the directional properties of copper and 
brass after reductions by cold working. Bauer, Gédler and Sachs* have 
stated that this difference is not suggested by X-ray diffraction patterns 
of worked brass and copper. No differences in orientational character- 
istics were observed by them. We are inclined to believe that a more 
complete analysis of the fiber texture by the pole figure method as 
described by Wever® would reveal significant differences. 

As a basis for comparison of the properties of the materials in the 
annealed state we are showing (Fig. 2) the results of a series of tests, 
previously made and described on tough-pitch Lake copper. Copperseems 
to show a minimum point in tensile strength at 45° with the exception of 
the metal very severely worked and annealed at very high temperatures. 
After a 90 per cent reduction and a 700° C. anneal this minimum practi- 
cally disappears and after an 800° C. anneal the 45° direction reaches a 
slight maximum. A still more pronounced difference between copper and 
brass is shown by a study of the elongation results. In copper the 45° 
position shows a decided maximum over the approximately equal longi- 
tudinal and transverse values. This maximum becomes higher with 
increasing reductions and higher annealing temperatures. In the copper 
annealed at 800° C. following a 90 per cent reduction the elongation at 45° 
was 77 per cent as compared with approximately 40 per cent for the 0° 
and 90° positions. As mentioned before, in brass the elongation increased 
from the longitudinal direction to the 45° position and then remained 
practically constant up to and including the transverse position. 

We are inclined to believe that these distinctions in properties are 
further manifested by a difference in cupping characteristics. In spite 
of the serious troubles caused by the formation of ears on drawn articles 
little information of a positive nature regarding the location of the ears 
on the various metals can be found in the literature. It seems to be 
assumed by many mill operators that, in both copper and brass, they may 
appear at 45° to the direction of rolling, or in and at right angles to this 
direction. As far as we have observed, and our experience is admittedly 
limited, the ears on brass appear without exception at the 45° directions. 
Likewise, without exception, they are found in and at right angles to the 
rolling direction in drawn copper articles. Our observations with regard 


5 Reference of footnote 4. 


5H. Wever: Texture of Metals after Cold Deformation. Trans. A.I.M.E. (19381) 
93, Inst. Metals Div., 51. 
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to copper are consistent with the results of our directional tests. Further- 
more, they are in harmony with the X-ray studies of severely rolled and 
annealed copper. It is generally believed that copper so treated is 
oriented with a cube face in the rolling surface and a cube edge parallel 
to the rolling direction. If this is a correct statement of the orientation 
characteristics, it seems evident that copper with a decided preferred 
orientation develops ears at the 0° and 90° positions through slip on 
the octahedral planes. Most certainly in this metal the ears do not as 
a rule appear in the direction of maximum elongation; that is, the 
45° direction. 

The writers believe, however, that specific statements regarding the 
directional tendencies in copper should be made cautiously. There is 
good reason for believing that relatively small amounts of alloying 
elements, such as the residual material present after deoxidation, exert a 
considerable influence on the directional properties of this metal. For 
example, copper deoxidized by phosphorus and containing a slight excess 
of this element did not exhibit the same type of fiber as the tough-pitch 
lake copper referred to in this paper, although the rolling and annealing 
treatments were identical. 

According to Kaiser’ the location of the ears on copper cups is largely 
dependent on the next to the last anneal. He says that if this anneal is 
below about 650° C. the ears will appear in and at 90° to the rolling direc- 
tion; for higher temperatures, at the 45° positions. Although the writers 
have made no cupping tests on copper to check Kaiser’s conclusions, 
they have studied the directional properties of electrolytic and tough- 
pitch Lake, which have had ‘‘get ready” anneals at 350° and 850°C. For 
all temperatures of final anneal the tensile directional properties of the 
sheets were unquestionably of the same nature irrespective of the temper- 
ature of the next to the last anneal. For this reason we would expect the 
ears to form at the same locations. 

We do not wish to take the attitude, however, that copper cups cannot 
be produced with 45° ears. It is conceivable that ears so located can be 
formed from copper containing small amounts of certain alloying ele- 
ments, or even by specific combinations of rolling and annealing treat- 
ments. We are reliably informed that cupronickel under distinctly 
different treatments shows both types of ears. 


SUMMARY 


1. The most pronounced tensile directional properties and the greatest 
earing tendency are obtained in a 90-10 brass given the greatest reduc- 
tions followed by high temperatures of anneal. 


7 Reference of footnote 2. 
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2. The ordinary tensile test applied to strip brass cut at several angles 
to the rolling direction seems to be of significance in indicating whether or 
not annealed brass will form ears on drawing. 

3. Inslightly and moderately worked brass, the lower the temperature 
of the intermediate and next to the last anneals, the more marked are the 
directional differences as shown by both tensile and cupping tests. 

4. Copper seems prone to form ears in and at right angles to the rolling 
direction. ‘The 90-10 brass, as well as other brasses observed by the 
writers, drew with ears at 45° to the direction of rolling. 

5. The directional properties of copper are quite different in character 
from those found in the 90-10 brass. 
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[For discussion, see page 187.] 


Kars on Cupronickel Cups 


By W. H. Basserr* anp J. C. Brapiey,}| WATERBURY, Conn. 
(Buffalo Meeting, October, 1932) 


In their paper on the directional properties in cold-rolled and annealed 
commercial bronze,' Phillips and Samans suggest that cupronickel, under 
distinctly different treatments, shows both ‘45° ears’? and ‘90° ears.” 
Fig. 1 shows the ears on some cupronickel cups made some 17 years ago 
for bullet jackets for small arms ammunition. In this case the material 
heated to 425° C, had ‘‘45° ears,’’ while that annealed at 950° C. showed 


600° C. 625° C. 650° C. 750° C. 850° C. 950° C. 


425° CL 450° C. 500° C. 525° C. 550° C. 575° C. 
Fic, 1.—CurronickeL, 0.032-in. GAGE, GAST WITH MAGNESIUM. ANNEALED AT 
TEMPERATURES INDICATED (DEGREES CENTIGRADE) AND CUPPED. 


long ‘90° ears’? when drawn with the same tools. The method of cup- 
ping, the shape of cupping tools, etc., were found to have very little 
influence on the earing tendency, but the deeper the cup was drawn, the 
higher the ears would be. 


Mertruop oF MANUFACTURE 


Cupronickel cast bars were 1 in. thick. Ordinarily, they were rolled 
with numerous passes to a thickness of 0.4 to 0.2 in., according to condi- 
tions. They were then given a single intermediate anneal, and rolled to 
finish thickness, frequently 0.032 in. After a last anneal the material 
was cupped with a ‘‘cut and draw” operation. Progress of this is indi- 
cated in Fig. 2, illustrating five different stages at which the drawing 


* Metallurgical Manager, The American Brass Co. 
+ Assistant Metallurgist, The American Brass Co. 
1 A. Phillips and C. H. Samans: Directional Properties in Cold-rolled and Annealed 
Commercial Bronze. See page 171, this volume. 
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was interrupted. The upper line of cups in the figure shows how the 
90° ears formed in one lot of metal and the lower line how the 45° ears 
formed in another lot. 


Fig. 2.—CuPRONICKEL, 0.032-IN. GAGE, SHOWING PROGRESS OF EARING TENDENCY 
DURING CUPPING PROCESS. 


Upper row, 90° ears; lower row, 45° ears. 


EFrect on Haars OF VARYING INTERMEDIATE ANNEALING POINT 


Some rolling and annealing experiments were made in which the one 
intermediate annealing point was varied over the range 0.750 to 0.050 in. 


TaBLE 1.—Height of Ears on Cupronickel Cups, Metal Cast with Manganese 


Height of Ears, In. 


Gage for |—————__—____ = A a —=<s = 
rinter | 600° C. Final Anneal at | 700° C. Final Anneal at 800° C. Final Anneal at 
Anneal, 0.032 In. 0.032 In. 0.032 In. 

Tn. : : ==. te eee 

90° Ears 45° Hars | 90° Bars | 45° Ears | 90°Kars | 45° Ears 
1.00 0.022 0.007 0.013 
0.750 | 0.000 0.000 0.026 0.025 
0.590 | 0.006 0.020 0.0388 
0.460 0.009 0.015 0.030 
0.368 0.012 0.010 0.010 
0.300 0.018 05002 ie 02002: 
0.240 0.015 0.015 | 0.012 
0.190 0.013 0.017 0.015 
0.150 0.021 0.021 | 0.015 
0.090 NenOnO24) 0.015 | | 0.016 
0.070 0.024 0.016 | 0.014 
0.045 0.019 0.009 0.007 
0.0382 0.008 0.002 0.000 | 0.000 
| | 


or 0.045 in. These showed that for a given casting a certain thickness of 
metal could be found at which the intermediate anneal could be given so 
that there would be no ears on the cups. When the intermediate anneal 
was introduced at a thicker gage, the cups had 90° ears. If the inter- 
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mediate anneal was introduced at a thinner gage, the cups had 45° ears. 
In Table 1, under 700° C., can be seen the effect of changing the intermediate 
anneal point. When this was at 0.750 in., the cups from a particular bar 
of metal had 90° ears, 0.026 in. high. With the intermediate anneal at 
0.300 in. the ears were almost negligible; that is, 0.002 in. When the 
intermediate anneal was introduced at a gage less than 0.300 in. , 90° ears 


Intermediate Annesl Gauge, Inches. 


Intermediate Annesl Gauge, Inches. 


04 .03 20%. .01t -00 Ol 02 0S 02 DD} ~,00 401 02 .03 
<— 90° Ears ><45° Ears 7 «90° Ears 745° Ears > 
Height of Ears Inches Height of Ears, Inches. 
Fig. 3.—EFrrectT OF INTERMEDIATE Fic. 4.—EFFrEcT OF INTERMEDIATE 
ANNEALING POINT AND TEMPERATURE OF ANNEALING POINT AND COMPOSITION ON 
FINAL ANNEAL ON EARING OF CUPRO- EARING OF CUPRONICKEL CUPS. 


NICKEL CUPS, 


no longer formed, but 45° ears were the rule, the height of the ears being 
a maximum when the intermediate anneal was at 0.150 in. The height 
again became negligible when the metal was rolled directly from 1 in. 
to the finish 0.032 in. and annealed only at that point. These data are 
plotted on the middle curve of Fig. 3. 


Errect oF FinaL ANNEAL ON HEARS 


A certain amount of ear control is possible on material given one 
intermediate anneal if careful attention is paid to the last anneal. The 
experimental data of Tables 1, 2 and 3 and the plot-in Fig. 3 indicate 
that the higher the final annealing temperature is, the higher the 90° 
ears will be. This is illustrated in Fig. 1, which also brings out another 
point—that 45° ears appeared on cups made from material finally heated 
below the minimum recrystallization temperature (515° C.) and which 
still showed the structure usual with heavy reductions. 
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EFrect OF COMPOSITION ON EARS 


Varying the composition of the cupronickel had considerable effect 
on ears. The experimental data of Table 1 were taken on cupronickel 
cast with manganese as a deoxidizer. In this case there were practi- 
cally no ears with an intermediate anneal at 0.300-in. gage and a final 


Taste 2.—Height of Ears on Cupronickel Cups, Metal Cast with 


Magnesium 
ot Se ee ee 
Height of Ears, In. 
Gage for 
mater, | 600° C. Final Anneal at | 700° C, Final Anneal at 800° C. Final Anneal at 
ea 0.032 In. 0.032 In. 0.032 In. 
In. ai cal ~ ! 
90° Ears 45° Ears 90° Ears 45° Ears | 90° Ears 45° Ears 
| 

1.00 0.002 | 0.007 | 0.018 
0.750 0.015 0.027 0.026 
0.590 0.003 0.028 i 0.034 
0.460 0.005 0.026 0.028 
0.368 0.002 0.014 0.017 
0.300 0.003 0.009 | 0.011 
0.240 0.013 0.002 0.004 
0.190 SOMONE i (O20LT / 0.008 
0.150 0.015 0.012 0.011 
0.090 0.015 | | 0.012 | 0.009 
0.070 0.015 0.010 0.010 
0.045 | 0.024 | 0.002 0.000 0.000 
0.032 0.000 | 0.000 0.000 0.000 0.000 0.000 


TABLE 3.—Herght of Ears on Cupronickel Cups, Metal Cast with New 
Stock with Magnesium 


Height of Ears, In. 

Gage for : == = — = = as ee == ce a as 

pate 600° C. Final Anneal at | 700° C. Final Anneal at 800° C. Final Anneal at 

Anneal, 0.032 In. | 0.032 In. 0.032 In. 

90° Ears | 45° Ears | 90° Bars 45° Ears | 90° Ears 45° Ears 

1.00 0.013 0.026 0.025 

0.740 0.009 0.019 0.023 

0.600 0.028 0.0385 0.044 

0.455 0.024 | 0.034 0.037 

0.310 | 0.012 LP) on0goeat 0.032 

0.210 0.000 0.000 0.005 0.013 

0.135 | 0.008 0.007 0.006 

0.090 0.005 0.006 0.006 

0.050 0.006 0.000 | 0.000 0.004 

0.032 | 0.006 0.016 0.029 

| 
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anneal at 700° C. With magnesium used as a deoxidizer, on the other 
hand, with a final anneal at 700° C., the ears became negligible when the 
intermediate anneal was introduced at about 0.240 in., as shown in 
Table 2. The effect of the intermediate annealing point in relation to 
the deoxidizer, the final anneal being 700° C., is plotted in Fig. 4. Table 
3 shows experimental results on cupronickel cast somewhat differently 
from that of Table 2. Magnesium was used but no scrap was added. 
In this instance the data suggest that the ‘‘no ear”’ condition would have 
been obtained from a 700° C. final anneal by putting the intermediate 
anneal at 0.170 inches. 


Fic. 5.—STRUCTURE OF CUPRONICKEL OFTEN FOUND WITH 90° BARS. X 75. 


Frequently when 90° ears were found the microstructure would be 
regular, ‘‘criss-cross”’ grains, as illustrated by Fig. 5. A number of 
analyses of such material showed the carbon present in combined form. 
In one lot of metal, however, carbon was present as graphite, and there 
were no ears on the material, which had had an intermediate anneal 
at 0.350 in. The crystals were irregular in shape, the regular grain 
growth no doubt having been obstructed by the graphite. 

The following analysis is typical of the cupronickel cast with man- 
ganese: copper, 84.66 per cent; nickel, 14.99; manganese, 0.28; iron, 0.18; 
zinc, 0.00; lead, 0.007; silicon, 0.015; total carbon, 0.045; graphite, 0.000; 
nickel oxide, 0.002. When magnesium was used there was no manganese 
present and the magnesium was about 0.015 per cent: When graphite 
was present it was in an amount approximating 0.020 per cent. 


Errect or ANNEALING THE CASTING 


Ordinarily the cupronickel castings were not annealed prior to rolling. 
For experimental purposes a portion of a casting was heated at about 
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750° GC. for three days. The cored structure of cast metal was changed 
by this treatment to a regular polygonal structure. When the material 
was rolled to 0.450 in., annealed, rolled to 0.032 in. and portions annealed 
at 650°, 750°, 850° and 950° C., all samples showed 90° ears. The ears 
were 0.040 in. high from the material annealed at 850° C. Another 
portion of the same casting was not annealed but otherwise was treated 
as before; again 90° earsformed. In this the longest ears were only 0.020 
in. high and no ears developed at all after the 850° C. final anneal. Elim- 
ination of coring evidently had an effect on directional grain formation 
and so on earing tendencies. 

Still another portion from the casting mentioned above was annealed 
experimentally at 10 different gages during its reduction to 0.032 in. 
Then, no matter what the final anneal, there were no ears. The 10 
intermediate anneals and the relatively small reductions effectively 
prevented directional grain growth. 


MrcHANISM OF Har FORMATION AND MATERIALS SUBJECT TO EARING 


Some years ago F. G. Smith? nicely illustrated the effect of directional 
properties and preferred orientation of crystals by cupping some circles 
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Fig, 6.—Ears on WIRE-GAUZE CUPS. 


cut from wire gauze (Fig. 6). The 90° ears corresponded with the 45° 
arrangement of the wires, and the 45° ears with the 90° arrangement. 

In our experience, ears have been found on brass, gilding, copper, 
aluminum, steel, cupronickel, copper-nickel-zine alloys and Britannia 
metal. All steel and copper cups which have been observed have had 
90° ears. Cups made from the other materials mentioned excepting 
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cupronickel have had only the 45° ears. However, no detailed study has 
been made of any other metal like that of cupronickel. 

Experience with 80-20 low brass has been with 45° ears. The fourth 
anneal from the last was 750° C. and the crystals were quite large. The 
second and third anneals from the last were at 450° C. or lower. On 
finish annealing at any temperature from 450° to 700° C. the metal made 
cups with 45° ears. If, on the other hand, the third and second anneals 
from the last were made at 550° to 650° C., there were no ears. 

The 45° ears have been experienced on 65-35 brass. For instance, 
brass rolled 25 B. & S. numbers hard and finished at 550° C. had very 
long ears. 

Varying the amount of iron, nickel and tin in the brasses was tried, 
but definite earing tendencies were not found. 


SUMMARY 


1. The edges of drawn cupronickel cups often have four ears. These 
may be produced either at 45° to the direction of rolling, or at 90° (and 0°) 
to the direction of rolling. 

2. By systematically reducing the gage of cupronickel at which the 
intermediate anneal is introduced, a series of cups has been made in 
which the ears varied in regular fashion as follows: short 90° ears, long 
90° ears, shorter 90° ears, no ears, short 45° ears, long 45° ears, short 
45° ears, no ears. 

3. Variation in composition of the cupronickel affects earing 


tendencies. 
4. The length of the 90° ears increases with the final annealing 


temperature. 

5. Earing evidently is due to directionalism in the arrangement of 
the crystalline structure and to methods of rolling and annealing which 
bring about directional arrangement. 


DISCUSSION 


[This discussion refers also to the paper by Arthur Phillips and Carl H. Samans, 
which begins on page 171.] 


(EZ. M. Wise presiding) 


E. M. Wiss, Bayonne, N. J.—These papers are of both theoretical and practical 
importance, for the underlying metallurgical characteristics of the metal influencing 
the type of orientation produced in the final anneal are not too clear at present, 
although the increased machining and material costs resulting from badly eared 
cups are evident. These are matters that are troublesome and even more costly in 
connection with the precious-metal alloys. 

W. B. Pricr, Waterbury, Conn. (written discussion).—Brass manufacturers who 


extensively engaged in the manufacture of cupronickel for bullet jackets for small 
arms ammunition, prior to and during the World War, were familiar with the fact 
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that cupronickel cups formed both 45° ears and 90° ears, and had also devised means 
for preventing the formation of these ears. 

In Fig. 5, Bassett and Bradley show the microstructure of cupronickel often found 
with 90° ears. The so-called “criss-cross” grains shown are arranged at 45° to each 
other. This arrangement of the crystals is, of course, identical with the 45° arrange- 
ment of the wires (Fig. 6), which produced the 90° ears shown on the wire-gauze 
cups. Mr. Smith is to be congratulated on the clever way in which he illustrated the 
effect of directional properties and preferred orientation (Fig. 6) at a time when the 
metallurgists did not have available X-ray diffraction patterns to differentiate between 
random and preferred orientation. 

Several years ago, I had occasion to observe 90° ears on cartridge gilding (95 per 
cent Cu, 5 per cent Zn). This particular metal was cast 14 in. thick, rolled down to 
0.035-in. gage, overhauled at 5g in., without an intermediate anneal. This was a 
reduction of approximately 97 per cent. A photomicrograph of this material showed 
the same criss-cross grains as Bassett and Bradley show in Fig. 5. The final anneal 
in this case was between 700° and 800° C. When an intermediate anneal of 550° C. 
was put in at 0.064-in. gage and a final anneal at the same temperature, the 
ears disappeared. 

A proper coordination of rolling and annealing schedules will eliminate the tend- 
ency of nonferrous metals and alloys to form ears. 


W. M. Perrce, Palmerton, Pa.—With zine, which crystallizes in the hexagonal 
system, it is possible by special rolling to produce experimentally a preferred orienta- 
tion which results in three sets of ears on cups drawn from the strip. 


E. M. Wise.—The relative rates of strain-hardening in the several directions of 
the sheet during drawing is undoubtedly a factor governing ear formation. 


E. H. Drx, Jr., New Kensington, Pa.—In presenting his paper, Mr. Bradley 
showed a table not included in the preprint, which indicated aluminum as showing 
ears at 45° to the direction of rolling. While this is generally true, we have found 
that the addition of as little as 0.2 per cent of an element will change the direction 
of ears from 45° to 90°. 


A. J. Puinures, Perth Amboy, N. J.—This paper makes no mention of gage 
control and gage difference in the specimens used for cupping tests. It is well known 
that the ordinary cold-rolled copper alloy strips show a decided crown from center to 
edge, and in setting up cupping tools it is necessary to allow for this crown. I pre- 
sume that the authors have tested the material with the direction of rolling at various 
angles with respect to the cupping tools. This precaution would eliminate variables 
due to tool set up but would not eliminate the gage factor. For instance, the severely 
cold-rolled material which after annealing showed the maximum difference in strength 
value across the direction of rolling would probably also show the maximum amount 
of “crown.” It is just possible that these two factors are somewhat compensating, 


but it may be that if the crown of the metal were eliminated different results would 
be obtained. 


A. Puiturps and C. H. Samans (written discussion).—We are pleased that Messrs. 
Bassett and Bradley have published the results of their observations on the earing 
tendencies of cupronickel. Up to date our studies on directional properties have been 
limited to copper and commercial bronze. Cupronickel has been sadly neglected by 
previous writers on this subject and for this reason their paper is particularly welcome. 
Furthermore, cupronickel is somewhat unique in that it seems to draw with 45° or 
90° ears depending on the character of the rolling and annealing treatments. Our 
observations regarding the location of ears in the common metals seem to be in 
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agreement with the statements of the authors, whose experience in this respect is 
much broader than ours. 

The authors remark that in the case of the cups shown in Fig. 1 (p. 183), the 45° 
ears appear on material annealed below the recrystallization temperature (515° C.). 
The metal annealed at somewhat higher temperatures showed the 90° type of earing. 
In other words, they associate the recrystallization temperature range with a transition 
range between the two types of earing. Such a conclusion might be reached by the 
evidence of Fig. 1. However, when we turn to the data of the tables this explanation 
seems less convincing. For example, in Table 1 we find both types of ears in the 
material annealed at 800° C. If we consider the material which had an intermediate 
anneal at 0.090 in. we note that after the final reduction of approximately 65 per cent 
and a final anneal of 800° C. the cups showed pronounced 45° ears; 800° C. is well 
above the recrystallization temperature for cupronickel reduced 65 per cent. 

It is interesting to note that the alloy of Fig. 1 was cast with magnesium. The 
material of Table 1 was cast with manganese and contained approximately 0.28 per 
cent manganese and 0.18 percent iron. The latter alloy showed the greatest tendency 
to form the 45° ears. With cupronickel made from new stock and cast with mag- 
nesium we find fewer examples of the 45° ears, and the 45° ears formed are com- 
paratively low. The authors state that ‘‘varying the composition of the cupronickel 
had considerable effect on ears.’”” This statement cannot be questioned and we are 
incl ned to suggest that the presence of the manganese, magnesium and iron in the 
relatively small concentrations found in cupronickel may account for the rather 
unusual earing peculiarities of this alloy. It would be interesting to know whether 
or not a copper-nickel alloy substantially free of other elements would draw with 
examples of both the 45° and 90° ears after treatments comparable to ordinary 
mill practice. 


E. M. Wisze.—It is possible that very small amounts of a second constituent, 
graphite for instance, may profoundly affect the mode of recrystallization. 


R. L. Tempirn, New Kensington, Pa.—In studying the directional properties of 
nonferrous metals, metallurgists might well take advantage of mechanical properties 
other than tensile strength and elongation. The results of experiments reported 
by Reid L. Kenyon and Robert S. Burns (Autographic Stress-strain Curves of Deep- 
drawing Sheets) before the meeting of the American Society for Steel Treating this 
week might well serve as a guide in similar studies of nonferrous metals. In our own 
experimental work on aluminum alloys, we have found that the ratio of yield strength 
to ultimate tensile strength is of considerable significance in considering the drawing 
qualities and workability of the material. 


R. 8. Prart, Bridgeport, Conn. (written discussion).—Some years ago, when we 
first came in contact with the problem, the mill people were inclined to blame the 
formation of ears on hard metal. It was also generally believed that high iron 
content in ordinary sheet brass was associated with the development of ears. A short 
time ago the opportunity offered to check this point very carefully. A lot of sheet 
metal that was rejected by the mill because of ununiform anneal was subjected 
to chemical analyses. The results of the analyses showed that the iron content 
of the coils in the lot ranged from 0.017 to 0.128 per cent. Cupping tests were made 
on the coils as annealed by the mill, and failed, with one exception, to show any 
tendency to form ears in cupping. The lot was then reannealed so as to increase 
the grain size materially and cupping tests were again made. With the exception 
of those from three coils, all of the cups showed ears and there was no relation between 
low iron content and the cups that failed to form ears. The test showed definitely 
that the iron content in itself was not the cause of ears. They did indicate, however, 
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that in general the larger ears were related to the high »r iron content. But the most 
apparent cause of the formation of ears was the reanne ling operation, which increased 
the grain size. 

The marked effect of the reannealing operation i2d us to check the effect of anneal- 
ing a material of normal iron content. Numerctr ~nping tests were made on sheet 
high brass which had been rolled 4 and 16 hard be. en the next to the last and final 
anneals. The next to the last and final annea: were varied so that a number of 
different conditions were obtained. The cupp: 1s; tests indicated that ears were 
formed as readily in the material rolled 4 hard b>fore the final anneal as in material 
rolled 16 hard, provided the final anneal was made at a temperature sufficiently higher 
than that used in the next to the last anneal. . 

In all the work we have done, tensile tests have been made with, across and at 
45° to the direction of rolling. These tests indicate the variation in directional 
properties and the possible tendencies to form ears in cupping. It is still difficult 
and almost impossible to predict definitely whether or not a given sample or sheet 
will form ears. It is probable that this is due to the relation of the directional differ- 
ences in tensile strength to those in elongation. 

We have noted, as have the authors of these papers, the differences in the location 
with respect to the direction of rolling, of ears on copper cups as-compared with high- 
brass cups. It is of interest in this connection to note that such physical tests as 
have been made to date fail to show the reason why copper forms 90° ears and the 
brass 45° ears. Such tests as we have made on copper that forms 90° ears showed 
the same general directional relationship as the tests on brass that gave 45° ears. 
The work of Phillips and Bunn,* published in 1931, confirms this to the extent that 
maximum elongation and minimum tensile strengths occur at 45° of the grain. 
Because copper normally forms 90° ears, it would seem more logical if the maximum 
elongation were in the direction in which the ears are formed. It is unfortunate 
that physical properties are not available in the paper on cupronickel, for it seems 
probable that they would help to answer this question. 

One of the most significant features of the paper by Phillips and Samans is the 
presentation of figures that prove the presence of directional properties in annealed 
sheet much beyond anything realized a few years ago. The possible effect of these 
differences in other forms of material such as rod or tubing, or another problem in 
sheet, offers much food for thought. 


KE. M. Wisr.—We must not overlook the fact that finely divided inclusions may 
dissolve at the temperature finally attained during the anneal and thus not be evident 
in the sample although they may have been present at lower temperature and have 
exercised an important influence upon the early stages of the recrystallization. 
Oxygen in copper may behave in this way. 


K. R. Van Horn, Cleveland, Ohio (written discussion),.—I compliment the 
authors on the solution of an earing problem some years before the application of 
the X-ray to the study of preferred orientation and the focusing of metallurgical 
attention on the directional properties of metals and the resulting industrial 
difficulties. Bassett and Bradley’s observation that cupronickel may form ears at 
either 45° or 90° to the direction of rolling, which could be eliminated by a suitable 
annealing and reduction schedule, is commercially and theoretically pertinent. The 
result was commercially satisfactory but theoretically is still vague and intriguing. 
A possible cause of the “versatile” earing tendency of cupronickel has been attributed 
by the authors to annealing either below or above the recrystallization temperature. 


*A. Phillips and E. 8. Bunn: Directional Properties in Cold-rolled and Annealed 
Copper. Trans. A.I.M.E. (1931) 93, Inst. Met. Div., 353. 
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Also, Professor Phillips suggested a very plausible explanation—that of impurities. 
I should like to discuss the data submitted thus far and perhaps complicate the 
situation by the introduction of another factor. 

Directional properties generally are attributed to either a mechanical or crystallo- 
graphic fibering of the constituents. Although considerable emphasis has been placed 
on the latter because of the recent X-ray discoveries, it would still seem that mechani- 
cal fibering—~. e., elongation of metallic and nonmetallic inclusions, physical defects 
such as pipe, blowholes, etc., in the direction of working—is the probable explanation 
of the many variations in tensile properties observed in wrought alloys, especially 
alloys containing an appreciable quantity of impurities. However, in regard to 
cupronickel, the mechanical fibering explanation would be improbable because of the 
observed 45° and 90° earing tendency. Consequently, one might turn to the other 
alternative. The general trend of the curves shown in Fig. 3 (p. 183) suggests crystallo- 
graphic grain alignment. 

R. Glocker,* who has exhaustively described preferred orientation in both worked 
and recrystallized metals, has distinguished three different types: 

1. Worked metals recrystallizing with a random orientation. 

2. Worked metals recrystallizing and immediately or at a later time forming a 
recrystallized preference, different from that derived from rolling, which can be 
removed by heating at higher temperatures. 

3. Recrystallized worked metals that form a preferred orientation, either similar 
or different from the worked, which cannot be obliterated by heating at higher 
temperatures. 

Fig. 3 shows that the higher the temperature of the final anneal, the larger the 
90° ears, and that the 90° ears are not formed after a 600° C. final anneal. This might 
be attributed to a recrystallized preferred orientation forming at or below 700° C. 
(reerystallization would occur, of course, at a lower temperature defined by the degree 
of reduction, which might not necessarily be accompanied by the development of a 
recrystallized preferred orientation), which becomes more pronounced on heating at 
higher temperatures; 7. e., 800° C. The favorable conditions for 90° ears are, therefore, 
high temperature and low reductions (up to 65 per cent). Cupronickel reduced more 
than 65 per cent might retain the worked type of grain alignment after recrystalliza- 
tion by heating at 700° and 800° C. and thereby form ears at 45°. It could, also, 
be postulated that metal annealed at 600° C. did not form 90° ears because a suffi- 
ciently high temperature was not attained to remove the effects of the worked prefer- 
ence and, therefore, formed only 45° ears. 

The further results of the authors’ investigation that magnesium—pure or scrap— 
affect the height of the ears and the point in the reduction schedule where an inter- 
mediate anneal can be inserted to eliminate earing can also be explained by the effect 
of impurities on the type and time of formation of the preferred recrystallized orienta- 
tion. The authors also found that cupronickel sheet annealed at ten different gages 
during the reduction never produced earing. This procedure, involving light reduc- 
tions and probably complete removal of preference by frequent anneals certainly 
suggests crystallographic grain alignment in the previous experiments. The above 
crystallographic explanation of the earing results deserves some consideration inas- 
much as copper is known to form a certain type or types of preference on cold rolling 
and an entirely different type after recrystallization, which becomes more pronounced 
with increasing annealing temperature. I merely offer this possibility to open another 
avenue of consideration of this complex problem, although realizing that the evidence 
is circumstantial and meager. 


4R. Glocker: Material Priifung mit Réntgenstrahlen. Julius Springer, 1927. 
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I agree with Professor Phillips that the effect of impurities on the earing is great. 
The substitution of scrap or pure magnesium greatly reduces the 45° earing as com- 
pared to manganese-bearing cupronickel. Mr. Dix mentioned that the addition of 
as much as 0.2 per cent of another element alters the type of earing of aluminum from 
the general 45° to the unusual 90° ears. Copper ears at 90°, while the copper-tin 
and copper-zine alloys ear at 45°. Bauer, Géler, and Sachs* have revealed that brass 
containing 98.5 per cent copper represents the transition alloy, in this respect, between 
copper and the high-zine alpha brasses. 

It would appear, therefore, that impurities have an appreciable effect on the type 
of earing and the directional properties; also that a crystallographic alignment might 
be more effective in cupronickel than mechanical fibering. It would be interesting 
to know how the impurities consummate this result. Do the impurities alter the 
type of crystallographic fibering which would inherently give directional properties? 
Is the influence of impurities more profound than affecting the grain orientation? 
Do they distort the cohesive relations of the atoms? These questions can only be 
answered by an examination of the tensile properties (tensile strength, elongation and 
ratio of yield point to tensile strength as suggested by Mr. Templin), diffraction 
analysis and an exhaustive investigation of the effect of impurities. 


W. H. Basserr anv J. C. Brapuey (written discussion).—Messrs. Phillips and 
Samans and Dr. Van Horn commented on the statement that ‘‘45° ears appear on cups 
made from material finally heated below the minimum recrystallization temperature 
(515° C.) and which still showed the structure usual with heavy reductions.” We 
had not thought of this heating as having any appreciable influence on the 45° ear 
formation; for heating below the ‘‘recrystallization temperature’? would cause no 
considerable structural change. We suspect the effect of heavy reductions would be 
more responsible for the 45° ears in this case, for the particular cups shown in Fig. 1 
with 45° ears were made from metal still hard after a reduction of approximately 
85 per cent. 

Dr. Van Horn concludes from Fig. 3 that “favorable conditions for 90° ears are 
high temperature and low reductions.’’ We believe the statement would be more 
nearly correct if written ‘‘heavy reductions and high temperatures.” 

We were much interested in Mr. Dix’s finding that the addition of as little as 0.2 
per cent of an element will change the direction of ears in aluminum from 45° to 90°. 
This effect is analogous to the change from 90° ears in copper to 45° ears by adding 
sufficient zine though the required amount of added element in this case is apparently 
nearer 10 to 15 per cent. It also seems comparable to the effect of impurities or added 
elements in cupronickel where these additions change the height of ears. 

It seems to be agreed that earing is due to directionalism in the arrangement of the 
crystalline structure. This is indicated by the physical tests given in the paper by 
Phillips and Samans; the statement of Mr. Peirce that zine with its hexagonal system 
results in three sets of ears; the note by Mr. Price confirming with cartridge gilding our 
findings about criss-cross grain structure with cupronickel; the influence of added 
elements brought out by Mr. Dix; the effect of inclusions, ete., emphasized by Dr. 
Van Horn; and our findings as to the importance of annealing and rolling control. 


A. Puiuuips AnD C. H. SaAmans (written discussion).—The nature of the discussions 
on the two papers on earing characteristics emphasizes the complexity of the condi- 
tions associated with the study of directional properties. It is, of course, evident that 
much remains to be done before any precise evaluation of the many factors influencing 
fiber formation can be obtained. As the writers have previously stated, it seems 


°O. Bauer, F. Géler, and G. Sachs: Untersuchungen an Kupfer und Messing. 
Zisch. f. Metallkunde (1928) 20, 202. 


anes to acquire « a statistical Be isA based on the testing of many metals 
t have been given a variety of treatments, and to correlate the results with the 


_ fiber analyses obtained by X-ray studies. 


We are particularly interested in Mr. Pratt’s reference to the influence of iron in 


brass. We are investigating the effect of certain impurities on the directional proper- 


, 4 


ties of commercial bronze. Small amounts of impurities cannot only influence the 
degree of fibering but can also change the fiber characteristics, as has been shown by 
‘Mr. Dix in regard to aluminum. With reference to the significance of inclusions as 
suggested by Mr. Wise, we feel that in wrought metals relatively large inclusions must 


necessarily form planes of weakness parallel to the rolling direction and thus preclude 
the possibility of obtaining the maximum values in strength and elongation properties 


in the transverse and angular directions. The effect of small inclusions in this respect 
is not definitely known, but it appears that the small particles of cuprous oxide in 
electrolytic copper have little effect on the directional properties. We agree with Mr. 


_ Templin that yield point and tensile strength data may prove of great value in 


studying the drawing qualities of metal and we hope to include such data in our 
experimental program. 
Dr. Van Horn has referred to the three types of recrystallization structures as 
described by Glocker. We are inclined to believe that no simple classification of this 
kind will properly cover the diversity of fiber effects found in the common metals and 
alloys. There is good reason for believing that the character, as well as the degree, 
of fiber is influenced by the previous history of the metal. Most of the work devoted 
to fiber studies by X-ray methods has been restricted to severely rolled material with 


little or no regard to the initial or intermediate heat treatments. 


We have considered the question raised by Mr. Pratt regarding what appears to 
be a fundamental difference in the location of ears in copper and brass. A possible 
explanation for the fact that copper cups show ears in the zero and 90° positions while 
brass shows them in the 45° positions is suggested by the fact that the two metals have 
different recrystallization (crystallographically) textures. The commonly accepted 
recrystallization texture for copper is with a cube plane parallel to a rolling plane and 
a cube direction parallel to the rolling direction. This arrangement puts a dodeca- 
hedral direction in an octahedral plane into the surface of the sheet at an angle of 
45° to the rolling direction. As this is the slip plane and slip direction for face-centered 
cubic metals, slip along these planes would tend to pile up metal at the zero and 90° 
positions, thereby producing ears. We are working out pole figures representing the 
recrystallization textures of commercial bronze that shows ears and commercial 
bronze that does not show ears, in order to see whether a similar explanation is 
possible here. 

In reply to Mr. A. J. Phillips, in usual cupping practice the difference in gage 
across the blank is taken care of by the hold-down. This, of course, will eliminate 
the possibility of unsymmetrical ears, the type resulting from gage differences, without 
affecting in any way the symmetrical ears, which probably are of crystallo- 


graphic origin. 


Some Effects of Internal Stress on Properties of Drawn . 
Brass Tubes* ey, 


By D. K. Crampron,} WATERBURY, Conn. 


(Buffalo Meeting, October, 1932) 


Tux object of this work was to obtain and correlate information on 
effect of internal stress in variously drawn tubes on several properties. 
Also, a simple approximate method of comparing types of stress distribu- 
tion in such variously drawn tubes was sought. ‘There is also included 
- gome work on comparison of single and polyerystalline materials and effect 
of different types of operation and preferred orientation. 


PREPARATION OF MATERIAL 


A series of tubes was drawn to study the effect of the type and degree 
of final reduction on various physical properties and the approximate 
distribution of stress intensity across the tube wall. The material used 
all came from a single heat of 70-30 brass melted in a regular production 
Ajax-Wyatt induction furnace. The analysis of the metal as cast was: 
copper, 70.36 per cent; lead, 0.04; iron, 0.02; zinc, balance. 

The material was cast in “‘shells” with 4 in. outside diameter and 34 in. 
wall thickness. It was drawn part way down according to the usual 
standard mill schedule and then by suitable individual schedules to finish 
by a variety of types and degrees of drawing to the same final cases in 
every instance; namely, 0.750 in. outside diameter by 0.080 in. wall 
thickness. The exact final draws, together with the percentage area 
reductions, diameter reductions and gage reductions are given in Table 1. 

In fabricating these tubes, rather unusual precautions were observed 
to insure the elimination of all variables not under immediate study. All 
intermediate anneals were carried out at about 1200° F. down to the 
so-called ‘‘cut-in size’; namely, 1746 by 346 in. From this point on, all 
anneals were made at from 1050° to 1100° F. The greatest care was 
used all through to have the tubes as free from minor surface defects as 
possible. When such defects were visible on intermediate sizes they were 
carefully filed out. 

On the final draw to 34-in. diameter the die was aligned with the ereat- 
est possible precision in order to insure as straight a tube as possible 


* From a dissertation presented to the Faculty of the graduate school of Yale 
University, in partial fulfillment of the requirements for the degree of Doctor of 
Philosophy. 

+ Metallurgist, Chase Brass & Copper Co. 
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removed fron the draw bench. ‘This was considered very important, 
any subsequent straightening operation by rolls, bending, Medart 
achines, etc., would introduce serious changes in intensity and distribu- 
on of stress. This had been amply proved by earlier unpublished work. 
In none of the papers published on this general subject. has this been 
' mentioned by any of the authors and it is believed that owing to this 
_ possibly some of the reported results may be somewhat in error. 


TaBLE 1.—Final Drawing Operations 
Finish Size, 0.750-in. Diameter by 0.080-in. Gage in All Operations 


Reduced from Outside 


Tube Drawn or Area Diameter Gage 

ihe Diameter, In. Gage, In. an "Por Cent’ eee “Per Cont’ 
i 1 1.063 0.074 | Sunk 28 29 +8 
Be 2 1.000 - 0.075 | Sunk 22 25 +6 
§ 3 0.938 0.076 | Sunk 1% 20 +5 
ee: 0.875 0.077. ‘| Sunk 12 14 +4 
g 5 0.813 0.078 | Sunk 5 8 43 
3 6 1.000 0.082 | Drawn 28 25 3 
a 7 0.938 0.088 | Drawn 28 20 9 
mee. 2g 0.875 0.096 | Drawn 28 14 17 
9 0.813 0.106 | Drawn 28 7 25 
10 0.875 0.137. | Drawn 47 14 42 


: The same die was used for all final draws and sinks. It was a straight 

_ side 20° angle die with 1g in. straight bearing. This particular design of 

die had been found from previous investigations to give a comparatively 

long life and to offer less resistance to drawing than many other shapes 

commonly used, and it was so easily and accurately reproducible in case 
of need. 

Tubes 1 to 5 inclusive form a series of ‘“‘sunk”’ tubes, the degree of sink 
(diameter reduction) varying from 29.5 down to 7.7 per cent, and net 
area reductions from 28 down to 5 per cent. ‘Tubes | and 6 to 9 inclusive 
form a series all with the approximately constant area of reduction of 28 
per cent but with varying “‘type”’ of reduction; 7. e., varying percentages of 
diameter and wall reduction. Tube 10 was given a very heavy area 
reduction (47 per cent) with the least possible diameter reduction. This 
was intended to show the greatest immunity from tendency to season- 
crack and the least harmful intensity and distribution of stress possible. 

The tests carried out on these tubes were the following: (1) Tensile 
tests, (a) maximum strength, (b) per cent elongation, (c) apparent elastic 
limit, (d) modulus of elasticity; (2) Rockwell hardness using 14 ¢-in. ball, 
100-kg. load, B scale; (3) time required to crack in standard HgNOs; 


solution; (4) stress distribution by modified Fox method; (5) X-ray 


studies of crystal orientation. 
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Portions of each of the 10 tubes were carefully relief-annealed and all 
tests except stress distribution were run at the same time in comparison 
with the as-drawn tubes. There was not sufficient material for the com- 
plete stress tests on the relief-annealed tubes, although the initial stress 
released by splitting according to the split-ring method gave a good 
indication that the relief anneal had been effective. This anneal was 
carried out at 250° C. for 2 hr., a temperature and time that were found 
suitable from preliminary annealing tests on these tubes. 


PuysicaAL PROPERTIES 


Tensile Tests 


The tests were carried out in triplicate on the 10 brass tubes as drawn 
and after relief-annealing, the preparation of which was described above. 
The tubes were pulled in full cross-section with plugged ends, using a 
Southwark Emery hydraulic testing machine of 20,000 lb. maximum 
capacity. The machine was equipped with Templin self-aligning grips so 
that the loading was axial. 

The extensometer used was designed by Prof. H. F. Moore and made 
by the Southwark company. It was designed to minimize the errors 
inherent in most simple mechanical instruments and to give a single 
reading which was an average of movements on two diametrically 
opposite elements of the specimen. One dial division represented 0.001 
in. movement of the stem. There was a 5 to 1 lever arm and a 10-in. 
gage length was used. This meant that one dial division was equivalent 
to an extension of 0.00002 in. per inch of gage length. Readings could be 
made easily to one-fifth division but such accuracy of reading was actually 
found not warranted as other errors amounted to considerably more. 
The instrument could, however, be relied upon to an accuracy of approxi- 
mately one-half dial division, equivalent to 0.00001 in. per inch of 
gage length. 

The results were plotted in a manner suggested by Mr. George Colton 
of the Department of Engineering Mechanics of Yale University. It 
consisted of plotting the increment of strain per unit increment of stress 
against the total strain. The same advantages would accrue if the incre- 
ment of stress per unit increment of strain were used instead. With the 
particular testing machine and extensometer used, however, the first 
method appeared the more logical. In this particular application the 
increment of strain corresponding to a load increment of 250 lb. was used. 
Inasmuch as the cross-sectional area of these tubes was exactly 1¢ sq. 
in., this corresponded to a unit stress of 1500 Ib. per sq. in, A typical 
cal is shown in Fig. 1 for tube 10, both as drawn and as relief-annealed. 

A critical discussion of methods of plotting stress-strain diagrams and 
the interpretation of the terms elastic limit, proportional limit, yield point, 
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- ete., are outside the scope of this presentation. The method used, how- 
_ ever, is very simple and seems to have all the advantages of the methods 
described by Templin! and Tuckerman.? The advantages are that (1) 
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Fig. 1.—STRESS-STRAIN DIAGRAM FOR TUBE 10 AS DRAWN AND RELIEF-ANNEALED, 


it shows that the modulus of elasticity is not a constant within the elastic 
range, (2) the effect of internal stress is clearly marked, and (3) the appar- 
ent elastic limit or yield point is clearly brought out. 

With the method of plotting shown in Fig. 1, a vertical straight line 
represents a constant modulus of elasticity. A straight line sloping to 
the right indicates a uniformly decreasing modulus. The value of the 
modulus is obtained by dividing the constant increment of stress (in the 


1R. L. Templin: The Determination and Significance of the Proportional Limit 
in the Testing of Metals. Proc. Amer. Soc. for Test. Mat. (1929) 29, II, 523-534. 
2L. B. Tuckerman: Discussion of reference of footnote 1, 538. 
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present work 1500 Ib. per sq. in.) by the bie amt tress hee 0 ‘the inere- 
ment of strain. Referring again to Fig. 1, the strain increment at . 
zero load is 0.000088 in. per inch. The modulus at zero load is therefore _ 
0. ae = 17,050,000 lb. per square inch. 

Referring once more to Fig. 1, the curve for the tube in the condition — 
as drawn may be divided into three portions. From 0 to approximately 
21,500 lb. per sq. in. stress, the line slopes slightly to the right. From ag 
21,500 to 45,000 Ib. per sq. in. it slopes slightly more. Above 45,000 it — 
breaks rather sharply, indicating the apparent elastic limit. The curve 
for the same tube relief-annealed shows no change of slope whatever 
corresponding to that in the as-drawn curve at 21,500 Ib. persq.in. Also, 
up to the apparent elastic limit this curve has appreciably less slope than 
any portion of the one for the as-drawn tube. 

The first break in the as-drawn curve would seem to indicate that 
internal stresses in the outer fibers were high enough so that the elastic 
limit of these fibers is reached at the application of an external stress 
of 21,500 lb. per sq. in. The relief annealing obviously remedies this 
condition and at the same time greatly reduces the amount of the lowering 
of the modulus of elasticity with increasing stress. It seems probable 
that the specimens in question were not perfectly relief-annealed and that, 
had they been, a constant modulus might have been found below the 
apparent elastic limit. It is interesting to note that Sayre* in his work on 
mechanical springs has also found a lowering of the modulus of elasticity 
with applied tensile stress. 

The detailed point by point spots for all the tubes in a drawn and 
relief-annealed condition are omitted for the sake of brevity. In all 
cases tests were run at least in duplicate, mostly in triplicate. Good 
agreement was found throughout. For the sake of brevity only the mean 
figures from the check tests are given. The curves for all tubes are 
reproduced in Figs. 2, 3 and 4. 

Fig. 2 gives for comparison the results for tubes 1 to 5, which form the 
series with varying degrees of ‘‘sink.’’ In the first three there appears a 
slight break in the curve for the as-drawn tubes in the vicinity of 16,000 
to 18,000 Ib. persq.in. This does not appear in the curves for tubes 4 and 
5. This is probably because with the lighter working received by these 
tubes the elastic limit is lower and the magnitude of the stress effect much 
less. If there were, indeed, a break in these curves as in those for tubes 1, 
2 and 3, the sensitivity and accuracy of the extensometer was not sufficient 
to detect it. All the relief-annealed tubes, however, show a higher and 
more constant modulus of elasticity than the drawn ones. 


ee eae ee 


°M. F. Sayre: Elastic and Inelastic Behavior in Spring Materials. Mech. Engi- 
neering (1929) 51, 915-916. 
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Fig. 2.—STRESS-STRAIN DIAGRAMS FOR TUBES WITH VARYING AMOUNT OF SINK (RIGHT- 
HAND CURVE OF EACH PAIR AS SUNK; LEFT-HAND AS RELIEF-ANNEALED). 
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Fig. 3.—STRESS-STRAIN DIAGRAMS FOR TUBES DRAWN 28 PER CENT WITH VARYING 
DIAMETER AND WALL REDUCTIONS (RIGHT-HAND CURVE OF EACH PAIR AS DRAWN; LEFT- 
HAND AS RELIEF-ANNEALED). 
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Fig. 3 gives the same comparison for the series of tubes of constant — 
area reduction but varying diameter and wall reduction. Since all of 
these tubes had a reduction of the total cross-section area by drawing of 
approximately 28 per cent, it might have been expected that they would 
have closely the same strength and apparent elastic limits. Contrary to 
expectations, however, these tubes show considerable differences in their 
apparent elastic limits. This increases somewhat as the wall reduction 
increases and the diameter reduction decreases. 

Fig. 4 compares tubes 9 and 10 only. Both of these were drawn with 
the least possible reduction of inside diameter (barely enough to allow for 
plug insertion) the difference 
being that the reduction of 
cross-section area of No. 9 was 
28 per cent and that of No. 10 
was 47 percent. There is nota 
great difference in the shape of 
the curves for these two tubes. 

Table 2 summarizes the data 
from the tensile tests and also 
gives data on the hardness and 
mercurous nitrate tests which 
will be described. A study of 
the tensile strengths in this table 
shows an insignificant mean 
difference between drawn and 
relief-annealed tubes, so that for 
all practical purposes the effect 
of relief annealing on the strength 
may be considered nil. The 


STRESS — LBs. PER Sq. INCH x10> 


INCREMENTS OF STRAIN : 
Ins /IN./1500 Les. /Sq.In. x10°S same is true of the apparent 
elastic limit, bearing in mind that 


TUBES WITH LEAST POSSIBLE piaMErer the accuracy of determination is 


REDUCTION (RIGHT-HAND CURVE OF EACH PAIR ggmewhat less than that of 
AS DRAWN, LEFT-HAND AS RELIEF-ANNEALED). 


Fig. 4.—STRESS-STRAIN DIAGRAM. FOR 


maximum strength. 

The elongation figures are somewhat more variable than the tensile, 
but most relief-annealed tubes have appreciably higher elongations than 
the corresponding drawn or sunk tubes. The average for all 10 tubes 
indicates that relief annealing increases the elongation by approxi- 
mately one-third. 

The modulus of elasticity at zero load varies somewhat with the differ- 
ent tubes. The mean difference, however, between the drawn or sunk 
and the corresporiding relief-annealed tubes is less than 100,000 lb. per 
sq. in., which is well within the experimental error. In fact, with a more 
precise extensometer probably the various tubes would have shown less 


D. K. CRAMPTON 


3 variation in the modulus at zero load. The figures for rate of decrease of 
~ modulus of elasticity (sixth column of Table 2) are interesting and reflect 
_ the influence of the relief annealing. 


Hardness Tests 


The standard Rockwell hardness tester was used with 1/¢-in. ball, 
100-kg. load and B scale. At least 10 readings were taken on each tube, 
both as drawn and as relief-annealed. Every precaution was taken to 
obtain as accurate results as possible. The drawn or sunk tube and the 
corresponding relief-annealed tube were tested one immediately after the 
other with identically the same test conditions. The differences due to 
relief annealing, though not great, are therefore felt to be quite reliable. 
The results of the hardness tests are included in Table 2. 

The results on tubes 1 to 5 inclusive are interesting. This is a series 
with decreasing amount of sink. The tubes with greater amounts of — 
sink, and therefore the greatest initial hardness, show a considerable 
increase in hardness on relief annealing. There is a fairly consistent 
lessening of this effect with decreasing amounts of sink. From published 
data we would expect this greater increase in hardness on relief annealing 
with the greater initial hardness. This was first shown quantitatively 
by Bassett and Davis‘ in 1919. ; 

No great difference was shown between the type and degree of reduc- 
tion of tubes 6 to 9 inclusive and the increase in hardness on relief anneal- 
ing. A regularly decreasing change of outside surface hardness might 
have been expected in going from tube 6 to tube 9. The rather small 
change in tube 10 would be expected from a tube so drawn, as the stress 
should be low. 


Mercurous Nitrate Tests 


These tests were made in triplicate on samples cut to 3-in. length, 
which slightly exceeded the minimum found previously to give reliable 
results. Standard conditions of tests were used. The results are 
included in Table 2. Attention is called to the fact that all of the sunk 
tubes cracked in very short times, as was to be expected. The very 
short times for tubes 1 and 2 are probably not too accurate, as it takes 
nearly the time indicated to get the samples completely immersed and 
the reaction started. 

The time required to crack for tubes 6 and 7 are about as might be 
expected from the type and severity of the draw. We might have 
expected tube 7 to require a somewhat longer time to crack than tube 6, 
but it must be remembered that the test is at best not too precise. The 


4W. H. Bassett and C. H. Davis: A Comparison of Grain-size Measurements and 
Brinell Hardness of Cartridge Brass. Trans. A.I.M.E. (1919) 60, 428-449. 
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~ 61,000 ' 
1-A 59,900 37,500 6. 


oN 


f 2-8 | 59,800 39,500 5.9 16.9 0.15 
’ 2-A 59,500 38,400 5.4 17.5 0.14 
3-8 59,600 36,000 10 17.5 0.28 

—3-A | 58,700 34,500 13 17.5 0.20 

4 4-8 53,800 27,000 14 ~ 1620 0.19 
4-A 53,500 21,000 21 16.0 0.00 

5-8 47,300 20,000 27 15.8 0.41 

5-A |. 48,700 16,500 30 15.8 0.16 

6-D | 56,300 34,400 18} 16.0 0.33 

6-A 57,000 32,500 3.4 16.1 0.22 

7-D | 62,200 45,000 6.2 17.0 0.82 

7-A | 61,600 45,000 5.9 17.0 0.46 

s-D | 60,200 | 45,000 5.0 17.1 0.51 

8-A | 61,300 40,000 8.5 iba 0.22 

9-D | 63,700 41,500 6.0 17.5 1.06 

9-A | 61,600 47,000 10.0 17.5 0.52 

10-D | 68,800 44,400 0.9 ihe il 0.97 

10-A | 69,300 44,400 0.3 vl ih 0.32 


2S = as sunk; D = as drawn; A = as relief-annealed. 
+’ Multiplied by 105. : 
¢Lb. per sq. in. X 10° per 10,000 Ib. per sq. in. tensile load. : ss. 
4 These tubes did not crack in 1 hr. 


tubes that did not crack (8 and 10) would not have been expected to. : 
They had had a type of reduction that should give low stress, because of 
the relatively great wall reduction and light diameter reduction. Tube 
9 should have behaved in the same way as 8 and 10. No explanation | 
can be given for its abnormal reaction. But, as will be shown later, the 
stress in this tube was quite similar to that in No. 6, so that it really 
should have cracked as it did. Viewed from this angle its performance 

was perfectly normal. 


MEASUREMENT oF STRESS * 


A review of the literature shows a number of different methods of 
estimating circumferential stresses in drawn tubes. They vary from 
very simple ones giving only an approximate idea of surface stress to 


ns Pee oiain ther different resistance ae season cracking and the mercurous 


nitrate test, it was desirable to have a relatively simple method, which 


would yet give a fair idea of the amount and distribution of such stresses. 


_ The method originally described by Heyn and Bauer® is not applicable 


ee ee 


to tangential stress. That described by Sachs* would involve an exces- 
sive amount of work as well as precision of measurement unattainable 
with instruments at hand. The same objection would hold for Dawiden- 
kow’s’? method. On the other hand, it seemed that Hatfield and Thir- 
kell’s? method would give an insufficient idea of stress distribution. 


- On the whole, the general procedure followed by Fox® seemed to hold 


forth the best combination of simplicity and fair accuracy. 

_In 1930 Fox published a very interesting and valuable contribution 
to the literature of internal stress distribution. He carried out experi- 
ments to show that circumferential stresses in a tube wall need not 
necessarily follow a straight line distribution. Any one of three types 
of distribution might be found, depending on precise conditions of 
drawing of the tube. He contended that the real criterion of tendency 
to season crack was the internal couple released by splitting and not the 
magnitude of stress at the surface layers. The couple released depended 
on the area under the curve. 

Fox investigated the distribution of stress by turning off successive 
layers from both outside and inside surfaces and subsequently splitting 


- rings from the tubes. He then measured the amount of spring of the 


rings in order to calculate the stress distribution. His whole argument 
rested on the assumption that there was a power function type of dis- 
tribution across the wall; that is, the curves approximated to the form 
f = at”. Although it was not apparent that such need necessarily 
be the case, the general ideas seemed logical and the method was one 
which necessitated only a degree of accuracy of measurement obtainable 
with good micrometer calipers. 

-The 10 tubes used for the experimental work in the previous experi- 
ments were used here also. Duplicate tests were run on each, making 
a total of 20 tubes actually investigated. The individual sections were 


5. Heyn and O. Bauer: Uber Spannungen in kaltgereckten Metallen. Int. 
Zisch. f. Metallographie (1911) 1, 16-50. 

6 G. Sachs: Der Nachweiss innerer Spannungen in Stangen und Rohren. Zitsch. 
f. Metallkunde (1927) 19, 352-358. 

7N. Dawidenkow: Berechnung der Restspannungen in Kaltgezogenen Rohren. 
Zisch. f. Metallkunde (1932) 24, 25-29. 

®W. H. Hatfield and G. L. Thirkell: Season Cracking. Jnl. Inst. of Metals 
(1919) 22, 67-85. 

9 J. Fox: The Measurement of Initial Stresses in Hard-drawn Tubes. Hngineering 
(1930) 129, 65-67. 
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rats) 
machined with the greatest of care, removing successive layers 0.005 in. 
thick from both inner and outer surfaces. The tubes were split and the 
change in radius of curvature accurately measured. ' " 

Following Fox’s procedure, the change in mean radius of curvature _ 
was plotted as a function of the residual wall thickness in Fig. 5. A : 
study of this figure shows essentially the same things found by Fox. In | 
general, the hollow sunk tubes (1 to 5 inclusive) show a marked increase 


IN RADIUS OF CURVATURE ~ INCHES | 


INCREASE 


03 04 05 06 07 08 
WALL THICKNESS AFTER MACHINING — INCHES 


Fie. 5.—CHANGE IN RADIUS OF CURVATURE OF DRAWN AND SUNK TUBES AS A 


FUNCTION OF REMAINING WALL THICKNESS AFTER REMOVING EQUAL AMOUNTS FROM 
INNER AND OUTER SURFACES, 


in amount of spring as the wall is reduced. However, in tubes 1, 2 and 3, 
which had the greatest amount of sink in the order given, the curve 
reverses sharply as the thinner wall thicknesses are approached. This 
was not reported by Fox. The drawn tubes (6 to 10 inclusive) show 
mostly a slightly decreasing amount of spring as the wall is thinned 
with the exception of 9, which is quite constant. This checks with Fox's 
findings. Attention is called to the very great difference in amount 
of change of curvature for the sunk tubes as a group and the drawn tubes 
as another. This was not brought out by Fox. 
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The next step in Fox’s procedure was to plot the function ae x I 
A 2 


as a function of ¢ to get the value of the exponent n in his equation 
_ which follows: 


, _ (m+2)E St 
Wes Ter hi Re 


He assumed a stress distribution of the type fe = at”. The constant 
n is, therefore, the slope of the straight line that should result from 
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Fig. 6.—RELATION BETWEEN VARIABLE. STRESS FACTOR IN Fox’s EQUATION AND 
REMAINING WALL THICKNESS FOR ALL TUBES. 


plotting the logarithms of the quantities involved. In Fig. 6 are shown 
such graphs for the 10 tubes tested. It is at once apparent that most 
of these are far from straight lines and that Fox’s assumption as to type 
of stress distribution is erroneous. The study of Fig. 6 indicates that 
in particular the sunk tubes have stress distributions departing very 
appreciably from the form given by Fox. Where these curves were not 
straight lines as plotted on logarithmic paper attempts were made to 
straighten them by the usual procedure of adding a constant to all values 
of each variable independently, but the curves could not be so 
straightened. 


departure from his exact procedure was a opted. 
Fox’s equation for stress at a given point was very similar to 
and Thirkell’s. Both might be expressed in the form 
—R 
pe 
2 


Using Fox’s procedure, identically the same shape of curve would 
be obtained as would result from applying Hatfield and Thirkell’sformula — 
to the various thicknesses of tubes machined from any one original tube. 
Where Fox’s assumption as to stress distribution does not hold, as good | 
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Fig. 7.—STRESS RELEASED BY SPLITTING AS A FUNCTION OF WALL THICKNESS REMAIN- 
ING AFTER REMOVAL OF EQUAL AMOUNTS FROM BOTH INNER AND OUTER SURFACES. 
an approximation to the type of curve would be obtained with the latter 
procedure as with Fox’s own. Therefore, for each of the 10 tubes, 
curves were plotted for the stress obtained by Hatfield and Thirkell’s 
formula as ordinates against the residual wall thicknesses as abscissas. 
Fig. 7 shows the curves so obtained for all 10 tubes. The individual 
plotted points are not shown, as they would be too confusing where the 
curves fall close together. It is not claimed that these curves show the 
actual stresses originally present. They do, however, give approximate 
indications of both the type of curve and relative intensities of stress 
in the different tubes. They serve adequately to differentiate between 
the various treatments and explain the results obtained with the mer- 
curous nitrate test described earlier. 


2) he “curves i in Fig. ‘Fe show the eeabiitial characteristics of type claimed 
Fox. The sunk tubes (1 to 5 inclusive) are convex upwards. In_ 
her words, the stresses seem to persist in toward the center of the wall. 


_ The drawn tubes (6 to 9 inclusive) with intermediate area reductions 

_ show the opposite characteristic. Tube 10, which was drawn very hard 
_ with the least possible reduction of diameter, is a straight line, which also 

_ checks with Fox’s work. 


The general shape of curve seems to be as Fox described, in all cases. 


- But there is a very important point not mentioned by Fox; namely, 
_ that the different shape of curve is also accompanied by markedly different 


stress intensity. Fox inferred that the season cracking of sunk tubes was 
due to the shape of the curve alone and the relative immunity of the drawn 
tubes to the different shape of their curves. On the basis of Hatfield 


and Thirkell’s method, the difference in behavior would be explained 


entirely by the difference in surface stress. It is known that season 
cracks are progressive in nature. It seems probable that the initiation 
of such depends much on the intensity of surface stress and the rate of 
propagation on the shape of the curve. Both seem to be important 
and the present tests show that the dangerous type of distribution 7s 


usually accompanied by high stresses, and vice versa. 


STREss IN SINGLE CRYSTALS 


Some preliminary tests on small single-crystal specimens of brass 


- failed to result in cracks in the standard HgNO; solution, even though 


they had been so treated as probably to retain considerable internal 
stress. It would seem that there might be some question as to whether 


Fie. 8.—Typr SPECIMEN USED FOR COMPARING STRESS IN SINGLE CRYSTAL AND 
POLYCRYSTALLINE TUBES. 


the failure to crack was due to lack of stress or simply to the lack of grain 
boundaries. It was thought worth while therefore to investigate the 
possibility of stress concentration at or near grain boundaries. A careful 
comparison of stress in single crystals and polycrystalline materials for 
identically the same treatment was the obvious way to determine such 
effect, if present. 

Four large single crystals of high-grade 70-30 brass about 13¢ in. in 
diameter and 714 in. long were available. These were machined to the 
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form and dimensions shown in Fig. 8. Procedure for machining. was: : 
carefully worked out to avoid introduction of stress. ids 

In order to get polycrystalline tubes for comparison, some sentaee 4 
70-30 brass rod sections 13¢ in. in diameter and 744 in. long were treated 
in precisely the same manner, resulting in machined tubes differing from _ 
the single-crystal tubes only in point of being polycrystalline. Four such 
tubes were made. The mean grain size of these tubes was about — 
0.070 mm. a. 

In the first comparison test, two of the single-crystal tubes and two 
of the polycrystalline tubes were sunk through a 34-in. die having a 20° 
angle and a l4-in. bearing. This work was done in a universal testing _ 
machine using a threaded steel rod to pull the tubes through the die. 
After sinking, only three good 214-in. long specimens could be obtained. _ 
Two were used for check determinations of the stress released using 
Hatfield and Thirkell’s formula. The third was used for HgNO; 
immersion test. , > 

In the second comparison test the other two single-crystal and poly- 
crystalline tubes were used. ‘The general procedure was the same except 
that the tubes were all drawn over a straight mandrel to the nominal 
size of 137, in. outside diameter by 0.075 in. wall. The mandrel was 
subsequently pulled out. With this light draw somewhat less stress 
would be expected than in the first comparison test. The summary 
of the surface stresses determined is given in Table 3. 


TABLE 3.—Stress in Single-crystal and Polycrystalline Tubes 
Stress Measured in Pounds per Square Inch 


Sunk Tubes Drawn Tubes 
Tube No. F | 
Single- Poly- Single- Poly- 
crystal crystalline crystal crystalline 
16... 2327 eee 42,200 45,200 23,000 34,500 
1d... & eee eee 31,600 48,400 18,800 30,300 
203. Riera ea Ia TR ee 36,000 44,300 20,800 28,800 
4 OMT te ee ceuecs Bac te ARSE Se Se 33,000 45,700 18,800 33,000 
AVETAGO Ase nee 35,700 45,900 20,500 31,700 


Table 3 shows considerable variation in the several check tubes. 
However, this variation is decidedly less than the differences between 
the two types. In the sunk tubes the polycrystalline tubes show a 
mean stress 29 per cent greater than the single-crystal ones. In the 
drawn tubes this difference amounts to 55 per cent. It seems clear 
that these materially higher stresses can be explained only by assuming 
that there is in fact a concentration of internal stress at grain boundaries 
as postulated. 
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_ One section from each of the four single-crystal and polycrystalline 
tubes was subjected to the standard HgNO; test. The polycrystalline 
tubes, both sunk and drawn, cracked in 1 min. or less. None of the 
drawn or sunk single-crystal tubes cracked in 24 hr. Apparently it is 

impossible to so crack a single crystal, even though high internal stress is 
:. present. These tests show clearly that while there is a pronounced 
stress concentration at grain boundaries it is necessary also to have 
some specific: corrosive action at these boundaries in order to produce 
season cracking. 


: LATTICE DIsToRTION AND SuRFACE HARDNESS 


The considerable differences found in the previous part of our work 
under stress in various tubes led to a few interesting supplementary 
tests on effect of stress release on hardness. These tests were prompted 

by the work reported by Fink and Van Horn!® on the effect of lattice 

distortion on hardness. These authors showed that when an external 

longitudinal tensile stress was applied to a strip by bending, a decrease 

in hardness of the surface resulted. In other words, stress and lattice 
- distortion need not cause an increase in hardness; but under some 

conditions, a decrease. Evans™ in discussing their paper said, ‘A 
tensile stress within the elastic range (as at the convex surface of a bent 
beam) will tend to increase the interatomic distance in the longitudinal 
direction and decrease the interatomic distance in the directions at right 
angles. Thus, although it should increase the hardness when measured 
axially, it should decrease it when measured laterally in the manner 
adopted by the authors, as indeed, they have found.” 

The logic of this reasoning is obvious. It would also follow that 
if the application of a tensile stress under the conditions stated resulted 
in a decrease in hardness, an applied compressive stress should cause an 
increase in hardness. Likewise, if a member is already stressed and 
that stress is released or removed, there should result an increase in 
hardness when the stress removed was tension and a decrease when the 
stress was compression. 

In the tubes used there were tensile stresses at the outer surfaces 
and compressive stresses at the inner. The present tests were taken to 
show simultaneous increase in outer surface hardness and decrease in 
inner surface hardness when these stresses were released by splitting 
of the tubes. For this purpose sections of tubes 1, 6 and 10 were selected. 
Tube 1 had the greatest amount of sink and therefore the greatest stress. 
Tube 10 had the hardest draw, with the least reduction in diameter and 


10 W. L. Fink and K. R. Van Horn: Lattice Distortion as a Factor in the Hardening 
of Metals. Jnl. Inst. of Metals (1930) 44, 241-248. 
110, R. Evans: Discussion of reference of footnote 10, 253. 
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therefore the least stress. ‘Tube 6 had an intermediate ty 
and intermediate stress. ay 
In order to get accurate surface hardnesses on both inner | wn 
surfaces, special tools and fixtures were designed to go on the Rock 
machine. These will not be described at length, but it can be stated — 
that very accurate tests could be obtained both before and after splitting 
such tubes. For each of the three tubes selected, 10 readings on each — 
surface were taken, using the 100-kg. load, and similar tests made after _ 
splitting the tubes. In Table 4 the mean figure for the 10 closely agreeing © 
check tests is given. . “= 


Taste 4.—Hffect of Release of Stress by Splitting on Surface H. ardness of — 
Tubes 
Mean Figure for 10 Closely Agreeing Check Tests 


Tube 1 , Tube 6 Tube 10 
Outside Inside Outside © neee ; Outside Inside 
Before splitting......... 75.4 85.3 Sis7 83.3 84.9 86.0 
After splitting.......... 79.9 83.8 83.9 82.5 84.7 86.2 
Chan gems ane aero: +4.5 —-1.5 +2.2 —0.8 —0.2 One 


The results given here are precisely what were predicted by theory 
above. Also, the magnitudes of the changes are relatively as would 
be predicted. The slight changes found on tube 10 are not considered 
to be significant and probably represent about the limit of accuracy 
of the tests. 

These simple comparison tests show that the increase in hardness 
usually reported on relief-annealed material is probably occasioned by 
the release or lowering of internal tensile stress by such anneals. If the 
stress released were compression a lowering of hardness would result. 
Where there is little or no stress released, no change in hardness follows. 
Also, the tests check the findings of Fink and Van Horn,! that lattice 
distortion need not necessarily produce hardening; but under certain 
conditions, softening. } 
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X-RAY STRUCTURE 


Recently Norton and Hiller!® published interesting data on the effect 
of varying types of tube-drawing reductions on X-ray structure. These 
authors worked with mild steel tubes having a carbon content of 0.10 to 
0.20 per cent. Sections were drawn to varying total area reductions 


12 Reference of footnote 10. 


SJ. T. Norton and R. E. Hiller: Structure of Cold-drawn Tubing. Trans. 
A.I.M.E. (1932) 99, 190. 


ar rea, By Srluicnion of about 20 per cent or more. 


5,5. 


In all cases the tendency 
was for a [110] axis to become aligned with the tube axis. If the percent- 


= age wall reduction were less than about twice the percentage diameter 
- reduction, the orientation about the tube axis was random. This was 


_ similar to the structure obtained on drawn wire. 


When the ratio of wall 


- reduction to diameter reduction exceeded about 2.5 to 1 it was found 


that a second [110] direction tended to become tangent to the tube wall. 


This structure was the same as found for rolled sheet. 
It seemed probable that in general similar structures might be found 


in the drawn brass tubes used in the earlier parts of this investigation. 


Among these were tubes of about as wide a range in ratio of wall reduction 
to diameter reduction as could possibly be obtained. Unfortunately, 
the total area reductions usually were not great enough to give a reason- 
able expectation of markedly preferred orientations. Three were selected 


for special study, Nos. 1-8 and 10. The diameter, wall and area reduc- 


tions for these three tubes were as shown in Table 5. For these, mean 


diameter reduction was used, as it seemed to be a more logical criterion 


than outside diameter reduction. 


TaBLEe 5.—Reductions for Tubes for X-ray Structure 


. Mean Diameter . Ratio Wall to 
Area Reduction 4 Wall Reduction : 

Tube No. : Reduction, Per 2 Diameter Reduc- 
Aig Per Cent Cent Per Cent tion, Per Cent 
1 28 32 +8 —0.25 
8 28 14 17 1.2 

10 47 9 42 4.7 


The same kind of ‘fiber diagrams” as taken by Norton and Hiller 
were made for each of these samples from each tube. The degree of 
preferredness as indicated by the intensity of the spots was not extreme 
in any case. In fact, in tubes 1 and 8, both of which had been reduced 
but 28 per cent, it was rather slight. In tube 10, which had been reduced 
47 per cent, it was more marked. 

The films for each of the three positions of each tube were carefully 
compared with ‘‘ideal”’ diagrams of all the probable orientations involy- 
ing low indices. Most of these could be rejected immediately, as there 
was no correlation for at least one directional position. However, 
one orientation was found for tube number 1 and another for tubes 8 
and 10 where reasonably good agreement was apparent between the 
films in each of the three directions and the corresponding ‘‘ideal” 
diagrams. The work of comparison was made difficult by the relatively 
slight degree of preferredness, especially in regard to tubes 1 and 8. 
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212 EFFECTS OF INTERNAL STRESS ON DR. 


The type of preferred orientation found for the sant titbes, 
10, was such that a [111] direction coincided with the tube axis, 
direction was radial, and a [112] direction was perpendicular to tes tube 
axis and parallel to a tangent to the tube surface. The type of preferred _ 
orientation indicated for tube No. 1 was such that a [112] direction — 
coincided with the tube axis, a [111] direction was radial, and a [110] — 
direction was perpendicular to the tube axis and parallel to a tangent — 
to the tube surface. The orientations of the crystallites for these pre- 
ferred orientations are shown in Figs. 9a and 9b. 
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Fic. 9.—CRYSTALLITE ORIENTATION: (@) INDICATED BY DRAWN BRASS TUBES Nos. 8 
AND 10; (6) INDICATED BY SUNK BRASS TUBE No. 1. 

These results are quite different from those reported by Norton and 
Hiller for iron. That there should be a difference in action between the 
two metals is not really surprising, as the two materials crystallize in 
different systems, as pointed out above. However, it is somewhat sur- 
prising that in the present case a different type of structure was found, 
depending on whether the tube was drawn or sunk, and apparently 
independent of the relative degrees of diameter and wall reduction. On 
the other hand, Norton and Hiller found a different type of structure 
with varying degrees of relative wall and diameter reduction more or less 
independent of whether the tubes were drawn orsunk. It seems probable 
that both materials might bear further investigation to check these differ- 
ences. Also, it would be preferable to use the more exact (but more 
tedious and involved) method of pole figures described by Wever.!4 

While no attempt has been made to directly connect preferred orien- 
tations and internal stress, it seems probable that further work would 
show some such connection. Further work is contemplated in this 
direction. It is felt that certain preferred orientations might result 
in higher internal stress than others. 


GENERAL CONCLUSIONS 


1. Young’s law of proportionality between stress and strain within 
the elastic limit does not hold directly for brass tubes drawn cold with 


14, Wever: Texture of Metals After Cold Deformation. Trans. A.I.M.E. (1931) 
93, 51-75. 
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Z varying types of reduction. The modulus of elasticity is maximum at 
__ zero load and falls off continuously with increase in stress. 


_ 2. Relief-annealed tubes more nearly approach strict proportionality 
between stress and strain than do tubes not relief-annealed. It is prob- 
able that a perfectly relief-annealed tube would have a constant modulus 
of elasticity within the proportional limit. 

3. Relief annealing has no effect on maximum strength of drawn tubes 
or on apparent elastic limit. It does, however, markedly increase surface 
hardness where the stress released was tension. 

4. The time mercurous nitrate test gives a good indication of internal 
stress from drawing or sinking. 

5. There appears to be no method for determining intensity and 
distribution of internal stress which does not require a degree of precision 
of measurement not easily attainable, or which is not very cumbersome 
and difficult to use, or which does not suffer considerably in accuracy. 
The method used here for comparing differently prepared tubes is 
admittedly only a first approximation. It does, however, serve ade- 
quately to differentiate between the various tube-drawing treatments 
and brings out clearly differences in both amount and distribution of 
circumferential stresses which can be correlated with the action in the 
mercurous nitrate test. In general, in hollow sunk tubes the stresses 
persist well into the tube wall, while in drawn tubes they fall off much 
more rapidly. In addition, the harmful type of stress distribution is 
accompanied by high surface stress, and vice versa. 

6. There is considerable evidence that internal stresses in grain 
boundaries are materially higher than within the individual grains. At 
least polycrystalline tubes showed stresses from 29 to 55 per cent greater 
than identically treated single-crystal tubes. 

7. There is a simultaneous increase of hardness of surface layers 
originally under tension and decrease of hardness of layers originally 
under compression when the stress is released by splitting. This shows 
that lattice distortion does not necessarily result in an increase of hard- 
ness, but under suitable conditions in a decrease. 

8. The 70-30 brass tubes reduced 28 and 47 per cent in area by sinking 
or drawing show some evidence of preferred orientation. The type of 
preferredness in sunk tubes is such that a [112] direction is parallel to 
the tube axis, a [111] direction is radial, and a [110] direction tangential. 
In drawn tubes a [111] direction is parallel to the tube axis, a [110] direc- 
tion is radial, and a [112] direction is tangential. These types of pre- 
ferredness are different from those found by Norton and Hiller for mild 
steel tubes. 

9. The possibility of some connection between type of preferred 
orientation and internal stress is suggested, and further work in this 
direction contemplated. 


ing work has been done by the author, and the data are most welcome. _ is particu- 
larly interesting to note the wide departure from linearity in the distribution of the 
stress with respect to the neutral axis, a possibility which I emphasized in discussing a 
previous paper by the author some years ago. A rather minor question may be raised 7 
as to the reason for simultaneous removal of metal from both the inside and the outside - z 
of the tubes for strain measurements, a procedure which perhaps complicates the 
computations of stress. 


* 


C. 8. Barrert, Pittsburgh, Pa. (written discussion).—It seems to me to be a bit 
misleading to say, “‘It seems clear that these materially higher stresses [in polyerystal- — 
line as compared with single-crystal tubes] can be explained only by assuming that 
there is in fact a concentration of internal stress at grain boundaries as postulated.” 
Surely the higher stresses in polycrystalline materials are not directly caused by stress 
concentrations at the grain boundaries. They result from the higher elastic limit of 
the polycrystalline material, and this is due, in turn, to slip interference at grain 
boundaries. To be sure, one would expect stress concentrations to occur at grain 
boundaries as a result of displacements of portions of the grains through slip, and these 
concentrations invariably to accompany internal stresses, but such concentrations 
should be considered a corollary rather than a cause of high stresses. 

As to the cause for season cracking at grain boundaries, is there not ground for 
argument that it is the stress gradient rather than the magnitude of the stress? 
Probably the stress gradients as well as the stresses are greatest near the grain 
boundaries. It might be mentioned that another cause for inhomogeneity of stress 
lies in the marked elastic anisotropy of brass.1® Only a few cubic materials have been 
studied from this standpoint, but among those studied brass has a particularly great 
variation in elastic modulus. One wonders if this anisotropy, which would produce 
local stresses and stress gradients of considerable, magnitude whenever the grains 
were under externally applied stresses or residual stresses, would not make brass 
particularly susceptible to season cracking. 

The author’s conclusions from measurements of Rockwell hardness in stressed 
materials are readily granted if they are meant to refer only to the hardness as 
measured by a hardness tester. It cannot be doubted that tensile stresses aid the 
penetration of the Rockwell ball and compressive stresses oppose it. But it must 
not be inferred that this kind of experiment furnishes much evidence on intrinsic 
hardness of the material, the hardness in the absence of internal stresses. Any 
increase in resistance to slip on crystallographic planes due to lattice distortion, and 
the increase in intrinsic hardness caused thereby, would be submerged in the present 
experiment by the internal stresses present. 


W. B. Price, Waterbury, Conn. (written discussion).—In discussing the relief- 
annealing of drawn brass tubes, the author makes the statement that ‘‘This anneal 
was carried out at 250° C, for 2 hr., a temperature and time that were found suitable 
from preliminary annealing tests on these tubes.” The time, 2 hr., isin my experience 
not sufficient to completely remove internal stress. Moore and Beckinsale!® have 


* Masima and G. Sachs: Ztsch. f. Phys. (1928) 50, 161-186. 
** Removal of Internal Stress in 70:30 Brass by Low-temperature Annealing. 
Jnl. Inst. Metals (1920) 28, 232. 
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#. ‘BMPERATURE, Due. C. TIME TEMPERATURE, Dua. C. TIME 


200 eon hr, ~ 275 i hr. 
205 48 hr. 300 20 min. 
~ 250 5 hr. 325 5 min. 
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D. kK Crampron.—Mr. Wise asks if it would not have been preferable to remove 


all the metal from either the outside or inside in exploring stress distribution rather 
Ee, than from both surfaces simultaneously. There is something to be said for this, and 


’ in fact, for precise work, there is a distinct advantage. One very good reason for this 
is the fact that we are dealing with bending in a beam having considerable initial 

_ curvature. In dealing with ordinary rectangular cross-section beams initially straight, 
the neutral axis is in the exact geometric center and the stresses are a straight-line 


function from tension at one surface to an equal compression at the other. With 


_ tubes such as were used in the experiment described, we really have a rectangular 
_ beam of considerable initial curvature. Under such conditions the neutral axis is 


shifted appreciably towards the center of curvature and the stresses on the outer wall 
are lowered while those on the inner wall are raised compared to what would be found. 
in the initially straight beam. Other difficulties that would be encountered in com- 


d _ putation make this method of procedure less desirable and a compromise was made in 


this work between extreme accuracy and ease and economy of experimental procedure. 
The error introduced from this source does not seriously affect the general findings. 
Dr. Barrett draws a rather nice distinction between what he terms ‘‘stress con- 


~ centrations’’ and ‘‘internal stresses’”’ at grain boundaries, a distinction that I am not 
g ) 


sure is justified; in fact, in the original passage he discusses I used the term “‘internal 
stresses’ in a broad sense to indicate the same general thing that I believe Dr. Barrett 
has in mind. 

His remarks with respect to hardness are well founded. It was not intended that 
my remarks should be interpreted as referring to intrinsic hardness, although it appears 
from reading the text that such inference might readily be drawn. Perhaps instead of 
the word ‘‘hardness” the term ‘‘resistance to transverse penetration” would be 
more accurate. 
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By Autan Morris,* Bripcerort, Conn. 
(New York Meeting, February, 1933) 


In a previous paper! the results of cutting tests on free-cutting bi 
rod were reported. Investigation was made of the effects of variation in | 
lead content, microstructure and cold drawing. The author’s reply to 
the discussion of that paper includes a study of the directional cutting 
properties of drawn and annealed rod. The present paper records the — 
results of tests made on series of samples in which the tin, i iron and copper 
contents have been varied. =< 

The apparatus used and method of testing are described in detail 
in the previous paper. The machine is of the pendulum-operated 
milling type used and described by Airey and Oxford.2 Angular readings 
of the height to which the pendulum rises after falling from a fixed 
position, both when a cut is made and when the pendulum swings freely, 
give the basis for calculation of the energy consumed in making a cut. 
Careful weighing of the sample before and after cutting gives a measure 
of the amount of metal removed. The results are expressed in foot- 
pounds per eBuG inch of metal removed, and have been ees ‘unit 
cutting energy.” 

In the course of the discussion of the author’s earlier paper, W. B. 
Price reported large-scale tests involving some 50,000 Ib. of material. 
These tests indicated that the addition of as much as 0.6 per cent of iron 
and 0.25 per cent of tin had apparently no adverse effect on the high- 
speed cutting characteristics of the rod. The rod also contained a small 
amount of nickel. The test results reported here tend to confirm 
his observations. 


E¥rrect oF VARIATION IN TIN ConTENT 
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The castings for this series were made 2 by 1 by 9 in. and were 
processed as follows: 

1. Castings were annealed at 500° C. for 7 hr. 

2. Cold-rolled to 0.700 in. 


* Research Engineer, Bridgeport Brass Co. 


1A. Morris: Machinability of Free-cutting Brass Rod. Trans. A.I.M.E. (1932) 
99, Inst. of Metals Div., 323. 


2J. Airey and C. J. Oxford: On the Art of Milling. Trans. A.S.M.E. (1921) 
43, 549. 
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3. Annealed at 500° C. for 8 hr. 


4 | 4, Cold-rolled to 0.562 in. 


5, Annealed at 500° C. for 2-hr. and air cooled. 
Samples 1 by 2 by 0.562 in. were cut from the bars thus produced. 


Analysis, hardness and unit cutting energy are givenin Table 1. Hard- 
' ness and unit cutting energy are plotted against tin content in Fig. 1. 


Bacpwett. HARONESS 
Yb” BALL, 60kg. LOAD 


OF METAL REMOVED 


FrLBS. per CuI. 


2 a3 0.4 J J 2. og 
Vin CONTENT, PERCENT. 


Fig. 1.—INFLUENCE OF TIN CONTENT ON HARDNESS AND UNIT CUTTING ENERGY. 


TaBLe 1.—Data on Tin Series 


Analysis, Per Cent Rockwell Unit Cutting 
Sample Hardness, Energy, Ft.-lb. 
oO. 4 6-in. Ball, per Cu. In. of 
Cu | Pb | Sn Fe, | Zn 60-kg. Load | Metal Removed 
1 61.06 | 3.18 | None | 0.01 | Remainder (Aes 9,750 
2 61.10 | 3.20 | 0.04 |_0.01 | Remainder 70.5 9,780 
3 61.14 | 3.19 | 0.09 | 0.01 | Remainder - 69.5 9,795 
4 61.16 | 3.29 | 0.14 | 0.01 | Remainder 68.5 9,810 
5 61.03 | 3.19 | 0.18 | 0.02 | Remainder 70.0 9,850 
6 61.22 | 3.08 | 0.25 | 0.02 | Remainder FLAY) 9,890 
ff 60.77 | 3.24 | 0.382 | 0.05 | Remainder 13.5 9,880 
8 60.78 | 3.35 | 0.49 | 0.06 | Remainder ton 9,920 
9 60.90 | 3.16 | 0.75 | 0.04 | Remainder 76.5 10,020 


These curves indicate that the addition of tin up to 0.25 per cent has 
little effect on either the hardness or resistance to the cutting action of 
the tool. Further additions of tin, up to 0.75 per cent, cause a relatively 


were made from stoc -contai ai g more 
1 to 6 inclusive. This may account for 
shown by these three samples. 


Cu 7 


4 
Errect oF VARIATION IN IRON CONTENT 


Samples of leaded brass for these tests were prepared in the sa 
manner as those for the tin series. In Table 2 are listed the analyses | 
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Fig. 2,—INFLUENCE OF IRON CONTENT ON HARDNESS AND UNIT CUTTING ENERGY. 


the samples, together with the hardness data and unit cutting energy. 
Hardness and unit cutting energy are plotted in Fig. 2 as functions of 
iron content. 


TABLE 2.—Data on Iron Series 


Analysis, Per Cent Rockwell Unit Cutting 
Sample Hardness, Energy, Ft.-lb. 
0. 1{ 5-in. Ball, per Cu. In. of 
Cu | Pb | Sn | Fe | Zn 60-kg. Load | Metal Removed 

1 60.67 | 3.14 0.06 | 0.035 | Remainder 12.50: 9795 

2 60.69 | 3.23 | 0.06 | 0.085 | Remainder 77.0 9760 

3 60.87 | 3.36 0.08 | 0.145 | Remainder 82.0 9785 

4 60.65 | 8.24 | 0.07 | 0.175 | Remainder 83.5 9760 

5 60.69 | 3.29 0.08 | 0.350 | Remainder 90.0 ‘9690 

6 60.65 | 3.23 0.08 | 0.535 | Remainder 91.5 9470 
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s up to 0.5 per cent siti Spout: a relntively aie 

; ovement in the cutting properties. However, the rod is also 

A hardened materially, which is a disadvantage from the standpoint of 
mill production. 
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EFrEecT oF VARIATION IN CoprER CONTENT 


The castings for this series of samples were 1 by 2 by 9 in. and were 


; 4 prepared as follows: 


1. Castings were annealed at 525° C. for 6 hr., furnace cooled. 

2. Cold-rolled to 0.750 in. 

3. Annealed at 525° C. for 6 hr., air cooled. 

4. Cold-rolled to 0.500 in. 

Two sets of samples were then prepared, one set for test as cold 
rolled, the other annealed at 500° C. for 2 hr. and cooled in silocel. In 


Fr. LBs. per CuI, oF METAL REMOVED 


COPPER. CONTENT, PERCENT. 
Fie. 3.—INFLUENCE OF COPPER CONTENT ON UNIT CUTTING ENERGY. 


Table 3 are listed the analysis and unit cutting energy of each sample. 
These data are plotted in Fig. 3, and indicate that in the case of well 
homogenized material variation in copper content from about 58.0 to 
63.0 per cent has very little effect on resistance to cutting. Increase in 
‘copper content from 63.0 to 65.0 per cent is accompanied by a moderate 
increase in unit cutting energy. 


“Unit C sttiny ey, 
Cu. Cus ng Metal & 


1 58.15 | 3.26 | 0.06 | 0.05 | Remainder | 
2 59.46 | 3.24 | 0.07 | 0.05 | Remainder 
3 61.45 | 3.27 | 0.07 | 0.06 | Remainder 
4 61.90 | 3.27 | 0.06 | 0.05 | Remainder 
5 63.93 | 3.25 | 0.07 | 0.06 | Remainder 9150 -. 9800 
6 64.87 | 3.25 | 0.06 | 0.05 | Remainder 9350 9900 - 


All cutting tests reported in this paper were made on the flat surface 
of the rolled sample, transverse to the direction of rolling. They corre- 
spond, therefore, to the “‘transverse’’ tests, as described in the author’s 
reply to discussion on the previous paper. 

All of the samples used were well homogenized, so as to eliminate the 
disturbing influence of beta as far as possible. No beta was found in 
any of the samples of the tin and iron series, and in the copper series only 
samples 1 and 2 contained beta. This degree of homogenization is of 
course not possible of attainment in present day mill practice, though it 
is often approached. 


SUMMARY AND CONCLUSIONS 


The results of cutting tests on three series of samples are reported, 
which indicate that: 

1. Addition of tin up to 0.25 per cent has little effect on hardness or 
resistance to cutting. Further increase in tin content to 0.75 per cent 
causes moderate increase in hardness and unit cutting energy. 

2. Additions of iron up to 0.5 per cent are accompanied by a moder- 
ate improvement in cutting properties, but cause material hardening. 

3. In well homogenized material variation in copper content from 58.0 
to 63.0 per cent has little effect on resistance to cutting. Increase of 
copper content from 63.0 to 65.0 per cent is accompanied by a moderate 
increase in unit cutting energy. 
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The Copper-rich Alloys of the Copper-nickel-tin System * 


By Joun T. Easu,{ Bayonne, N. J. ANp Cuan Upruucrove,t ANN Arpor, Micn. 


(Buffalo Meeting, October, 1932) 


DuRinG recent years nickel has had an increasingly important role as 
an alloying element in the copper-tin bronzes. Nickel additions not only 
produce better casting alloys but also make alloys whose properties can be 
varied by precipitation hardening; thus leading to increased commercial 
application of copper-nickel-tin alloys. 

Recent investigations have indicated a decrease in the solubility of tin 
in the alpha phase as the annealing temperature is lowered and as the 
nickel content is increased within certain limits. A further change 
caused by the nickel additions is produced in the excess phase of the cop- 
per-tin bronzes. The alpha plus delta eutectoid is replaced by a clear 
precipitated constituent in the alloys containing up to 15 per cent tin and 
not less than 1 per cent nickel. 

This paper has a dual purpose. The first is to present a new deter- 
mination of the alpha-phase boundary in alloys containing from 0 to 20 
per cent nickel, together with the liquidus and solidus temperatures above 
that field. The second purpose is to give the equilibrium conditions 
existing in alloys exceeding the alpha phase containing up to 31 per cent 
tin and 5 per cent nickel, so that the disappearance of the alpha plus delta 
eutectoid constituent may be explained. 

After considering the earlier investigations of the related alloy systems 

and the experimental procedure used in this investigation, the alloys will 
be discussed in groups as separate quasibinary systems containing con- 
stant amounts of nickel. The systems considered contain 0, 1, 2, 3, 5, 10 
and 20 per cent nickel. The straight copper-tin system was reinvesti- 
gated in order to establish a foundation on which to build the remaining 
material. The 1 per cent nickel alloys studied give the relations existing 
in the region of the eutectoid transformation between the copper-tin 
system and the 2 per cent nickel copper-tin system which has been 
investigated in detail. The thorough examination of the latter system 
was made since 2 per cent of nickel is representative of the commercial 
additions to the cast bronzes and also because it is sufficient to produce 


* Based on a dissertation submitted in partial fulfillment of the requirements for 
the degree of Doctor of Philosophy at the University of Michigan. 
+ Metallurgist, Research Laboratory, International Nickel Co. 
t Professor of Metallurgical Engineering, University of Michigan. 
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systems show the effect of increasing amounts of nickel on the equilibri Oo 

conditions. Only the alpha-phase boundary was determined for the 10 — 

and 20 per cent nickel copper-tin systems. 
Review or LITERATURE 


The results of investigations of the copper-nickel, copper-tin, nickel-tin ; 


and copper-nickel-tin systems should be considered before considering the _ 


ternary system, because of the close relationships between the phases 
existing in the ternary system and those of the three binary systems. 


The Binary Systems 


Copper-nickel System.—Guertler and Tammann! published a diagram 
of this system in 1907. Copper and nickel form a complete series of 
solid solutions, as the metals are entirely miscible in one another in the 
solid state. The magnetic transformation, which is not accompanied by a 
structural change, is depressed by the addition of copper to room tem- 
perature at about 40 per cent of copper. 

Copper-tin System.—The copper-tin system has been studied by many 
investigators because of its complicated phase transformations and the 
wide range of industrial applications of these alloys. Although the equi- 
librium conditions of this system have been the subject of a great amount 
of research, the equilibrium diagram is still in doubt. The main points 
pertinent to the present investigation in which the various diagrams 
disagree are (1) the solubility of tin in the alpha phase, (2) the nature of 
the horizontal at 590° C. and the beta inversion, (8) the formation of the 
alpha + delta eutectoid, (4) the composition of the delta phase. Bearing 
these points in mind, the results of the most important investigations of 
the copper-tin system are summarized in Table 1. 

Nickel-tin System.—The nickel-tin system has not been the object of 
much investigation. In 1907 Guillet? developed a diagram showing an 
alpha solubility of 5 per cent tin. The entire system was made up of 
various solid solutions with a eutectic, at 64 per cent nickel, formed 
between the alpha and beta solid solutions. 

A year later Voss* found that the alpha phase extended to 15 per cent 
tin. Unlike the previous work, the remaining phases consisted of a 
series of compounds of nickel and tin instead of solid solutions. A 
eutectic containing Ni;Sn and alpha was formed at 69 per cent nickel. 
Both investigations showed a constant composition for the alpha boundary 
from the eutectic temperature to room temperature. 


1 Guertler and Tammann: Ztsch. f. anorg. Chem. (1907) 52, 25. 
*Guillet: Rev. de Mét. (1907) 535. 
3 Voss: Ztsch. f. anorg. Chem. (1908) 57, 38. 
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Solubility of Tin | 
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Copper-tin System 
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Per Cent ‘ Eutectoid of ’ 
; Investigator Date] chee oe pha Composition of 
590° C. Delta I Delta Phase 
At Melt-| pee Formed from 
ing Point| Temp. 7 
_ Heycock and Nevillet..... 1903 9 9 Beta CusSn 
_ Shepherd and Blough®...../1906| 10 13 Beta Solid solution (25- ~ 
E yy 33% tin) 
MELOY bose nds cee te ot a ee S 1913 9 10 Beta to alpha | Gamma Solid solution (27- 
. + gamma 32% tin) 
_ Bauer and Vollenbruck?...}1922} 13.9 13.9 | Beta to alpha | Gamma Cu.Sn 
a ; + gamma 
HSIN AE A Caterers ees Sc ath as. o 1924) 10 11 Change in al- | Beta CuzSn 
= pha : 
ee Stockdale! ni. c cece ek 1925| 13.3 16 Polymorphic - 
; _ Westgren and Phragmens. .|1926 Solid solution over 
; very small range. 
CusiSns is solvent. 
a = 17.91A 
INET Se 1927) 16 (518°} 14 
C.) 
FRADIOUS cpr cleave nuele's « sree ea 1927 Polymorphic | Beta Compound 
? Change in the 
4 beta 
NE EL C8 ee ee 1928]; 15 15 Beta to alpha | Beta CuzSn 
+ gamma 
EAR AOEN GIy rae cies, Sacxic Perso: 8 1929/13 (16%,|} 15 Beta Solid solution (32- 
520° C. | 33% tin) 
References: 


4 Heycock and Neville: Phil. Trans. Roy. Soc. (1903) 202, 1. 
6 Shepherd and Blough: Jnl. Phys. Chem. (1906) 10, 630. 
-¢ Hoyt: Jnl. Inst. Metals (1913) 10, 259. 
@ Bauer and Vollenbruck: Ztsch. f. Metallkunde (1923) 15, 119-125, 191-195. 
eTsihara: Jnl. Inst. Metals (1924) 31, 315. 
f Stockdale: Jnl. Inst. Metals (1925) 34, 111. 
9 Westgren and Phragmen: Ztsch, f. Metallkunde (1926) 18, 279-284. 
h Hansen: Ztsch. f, Metallkunde (1927) 19, 407. 
# Raper: Jnl. Inst. Metals (1927) 38, 217. 
i Matsuda: Sct. Repts. Tohoku Imp. Univ. (1928) 17, 144. 
k Carson: Canadian Min. & Met, Bull. (Jan., 1929). 
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The Ternary System 


Copper-nickel-tin System.—In 1928 Price, Grant and Phillips’ pub- 
lished a diagram giving the 800° C. isotherm of the alpha-phase boundary. 
The solubility gradually decreased from 13 per cent tin and 0 per cent 
nickel to a minimum at about 8 per cent tin and 19 per cent nickel, and 
then increased to 15 per cent tin and 0 per cent copper on the high-nickel 
side of the diagram. The excess phase was considered to be beta in 
all cases. 

In the discussion of that paper, Wise gave the alpha boundary at 800°, 
700° and 300° C. for alloy compositions which range from 0 per cent 


4 Price, Grant and Phillips: Trans. A.I.M.H. (1928) 78, Inst. Metals Div., 503. 


eee to approximately 40 per cent nickel. 
practically the same as that given by Price, Grant and 
C. the solubility is about 3 per cent less than at 800° C. bt 300 
solubility decreased abruptly from 13.5 per cent tin and 0 per cent 
* toa minimum at about 2.5 per cent tin and 5 per cent nickel, followed bya 
gradual increase to 7 per cent tin and 40 per cent nickel. Wise found that, | 
owing to the decrease in solubility between high and low temperatures, it * 
was possible to age-harden alloys having compositions within this range. — 
In 1930 Upthegrove, Wilson and Rhines® published their results on 

the effect of small percentages of nickel on the hardness and microstruc- 
ture of an 85 per cent copper and 15 per cent tin base alloy. The nickel 
was substituted for the copper, leaving the percentage tin constant. The 
addition of very small amounts of nickel did not produce any effect on 
the microstructure except to increase the percentage of eutectoid. With 
1 per cent nickel two changes occurred. The alpha of the eutectoid ft 
disappeared and a dispersed constituent was found in the alpha. With — x 
[ 


increasing nickel content up to 10 per cent there was an increase in the 
amount and size of the dispersed phase. | 

In 1931 Pilling and Kihlgren® published the results of aninvestigation _ 
concerning the effects of nickel on the properties of a number of bronze 
foundry alloys. 


EXPERIMENTAL PROCEDURE 


Melting and Heat Treatment of the Alloys 


The metals used in this study were electrolytic copper (99.96 per cent 
copper), Baker’s C.P. tin and electrolytic nickel which was obtained from 
the International Nickel Co. The alloys used for the tests were melted in 
a Hoskins carbon resistor furnace. In the making of the melts of the 
copper-nickel-tin alloys an atmosphere of hydrogen was maintained at all 
times over the surface of the metal; 500-gram melts were used for the 
alloys. The fact was recognized that this type of alloy has a tendency 
towards inverse segregation, so great care was taken in melting and casting 
the alloys. 

Table 2 gives the computed compositions of the alloys that were pre- 
pared. A sufficient number of alloys in each quasibinary system were 
analyzed to show that there was a very close agreement between the 
computed and analytical compositions of the alloys. 

In order to anneal a large number of specimens at one time and to 
obtain a uniform temperature throughout a reasonable furnace length, an 
electric muffle furnace containing a copper block was used, patterned 
after the annealing furnace used by Dix and Richardson.? The furnace 


5 Upthegrove, Wilson and Rhines: Proc. Amer. Soc. Test. Mat. (1930) 30, 512-519. 
° Pilling and Kihlgren: Trans. Amer. Foundrymen’s Assn. (1931) 2, 93-110. 
7 Dix and Richardson: Trans. A.I.M.E. (1926) 73, 560-580. 
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TABLE 2.—Computed Compositions of the Alloys 
Weight Per Cent 
Nickel | Tin | Copper Nickel Tin | Copper Nickel | Tin Copper 

0 14.5 85.5 3 1 96 10 vi 83 
0 15.5 84.5 3 1.5 95.5 10 8 82 
0 16 84 3. 2 95 10 9 81 
0 iW; 83 3 3 94 10 10 80 
0 PATS 73 3 4 93 10 15 75 
0 31.8 68.2 3 5 92 10 18 72 

3 6 91 
1 2a (P 3 9 88 20 2 78 
1 28 71 53 10 87 20 3 The 
1 29 70 33 it 86 20 4 76 
il 30 69 3 UST eotayne: Ses 20 5 75 

33 1250 84.5 20 6 74 
2 1 97 3 13.5 83.5 20 7 73 
2 ?» 96 3 14.5 82.5 20 8 72 
2 3 95 3 18 79 20 9 70) 
2 3.5 94.5 3 22 75 20 V5) 65 
2 4 94 3 26 Hal 20 18 62 
2 5 93 3 29 68 
2 6 92 
Py) F 91 5 il 94 
2 8 90 5 1.5 93.5 
Z, 9 89 5 2 93 
2 10 88 5 3 92 
2 1h 87 5 4 91 
2 11.5 86.5 5 if 88 
» 12 86 i) 8 87 
2 12-5 85.5 5 9 86 
2 ils? 85 5 10 85 
2 11525) 84.5 5 11 84 
2 14.2 83.8 a 12 83 
2 15 83 5 13 82 
2 16 82 5 15 80 
2 18 80 5 18 Tel 
2, 20 78 5 22 73 
2 22 76 5 26 69 
2 23 75 5 29 66 
2 24 74. 
2 25 73 10 1 89 
2 26 72 10 1.5 88.5 
2 27 71 10 2 88 
2 29 69 10 3 87 
2 31 67 10 4 86 

10 5 85 

10 6 84 
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temperature was controlled by an automatic controller and was held to 
+2° C. during the annealing period. 

No doubt one of the factors contributing to the wide variation in the 
position of the alpha-phase boundary and the location of other phase 
fields of the copper-tin system, as reported by previous investigators, was 
the length of time the alloys were annealed. The heating time used by 
various investigators has varied all the way from 45 minutes to 120 hours. 

In the determination of the alpha-phase boundary in the present 
research, limiting points were found for temperatures of 780°, 700°, 500°, 
300° C. and room temperature for each constant nickel percentage except- 
ing the 1 per cent series. Sets of five or six samples of varying composi- 
tion within which the boundary was expected to be found were placed 
in separate tubes in the copper block. All of them were initially annealed 
at 780° C. for 120 hr. At the end of that time the tube containing the 
alloys to be quenched at 780° C. was removed and quickly immersed 
in ice water. The furnace was then allowed to cool slowly to 700° C., 
where it was maintained for 24 hr. The tube containing the samples to 
be quenched at 700° C. was removed and quenched. The furnace was 
cooled to 500° C. and then to 300° C., where the same annealing time and 
quenching procedure was conducted in each case. A fifth set of samples 
was slowly cooled to room temperature. This method required approxi- 
mately 130 hr. for the furnace to cool from 780° C. to room temperature, 
or a total time of 250 heating hours for the last set of samples. 

In studying the phase changes occurring in alloys of high tin content 
a lower initial annealing temperature, 725° C., was used on account of the 
lower melting points of the alloys. 


Thermal Analysis 


The method of determining the melting points of the alloys is for the 
most part the same as described by Wood and Cork.’ The samples, 
weighing approximately 175 grams, were cooled and heated at the rate of 
3 to 5° C. per minute. 

Thermal determinations of solid phase changes were made with the 
Same apparatus, except that a bare thermocouple was fastened in a hole 
drilled into the center of the specimen. Specimens weighing 175 grams 
were heated and cooled at the rate of 3° C. per minute. 

A second set of alloys was examined for thermal transitions in the 
solid state by means of a modified Rosenhain furnace. This procedure 
differed from the previous one in that the specimens weighed approximately 
8 grams and were heated under a partial vacuum to eliminate oxidation. 
The samples were heated and cooled at the rate of 5° to 15° C. per minute. 


8 Wood and Cork: Pyrometry, 167. Me Graw-Hill Book Co. New York, 1927. 
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The specimens were homogenized by the annealing procedure described 
above, prior to the thermal analysis. 


Polarized Light Examination 


While microscopic examination under ordinary illumination was 
satisfactory in most cases, there was one phase, the delta prime con- 
stituent, which could not be distinguished by it. By using polarized 
light this phase could be identified. 

By examining a polished metal surface under polarized light an iso- 
metric metal can be determined from one that is anisometric. For mak- 
ing these determinations a petrographic microscope equipped with two 
nicol prisms, one in front of the vertical illuminator and the other above it, 
was used. The unetched polished specimen was mounted on the stage of 
the microscope and an area selected under polarized light. The analyzing 
nicol was then slipped into the position of crossed nicols. If the metal or 
metal constituent was isometric it appeared dark and no change occurred 
on rotating the stage 360°. If an anisometric phase occurred, individual 
light and dark crystals were observed. On rotating the stage 90°, the 
light crystals turned dark and the dark crystals turned light. A 360° 
rotation caused two complete extinctions of the light crystals. 

When plane polarized light is reflected from the polished surface of an 
isometric substance, its plane of vibration is not changed. Thus the 
reflected light will be extinguished when the analyzing prism is put in the 
position of crossed nicols. 

With anisometric materials, however, the plane of vibration of the 
reflected light is rotated so that it has a component in the vibration direc- 
tion of the analyzer and some light passes through. When the specimen 
is rotated under crossed nicols, the only positions in which the light is 
completely extinguished are when the principal directions of vibrations of 
the reflected light coincide with the vibration direction of the light from 
the polarizer. 

According to Farnham? some metals and minerals will extinguish two 
times per revolution and others will extinguish four times. Antimony and 
stibnite, SboS3, are typical examples, respectively. In 1930 Heindlhofer 
and Bain” found that martensite gave four extinctions per revolution. 


X-ray Measurements 


Certain alloys were selected for analysis by means of X-rays in order to 
determine the nature of the phases present and also to measure their 
lattice parameters. The Debye-Scherrer or Hull powder method was 
employed, utilizing annealed filings. 


9 Farnham: Determination of the Opaque Minerals. McGraw-Hill Book Co. New 


York, 1931. 
10 Heindlhofer and Bain: J’rans. Amer, Soc. Steel Treat. (1930) 18, 70-104. 
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Tur CopPpEeR-TIN SYSTEM 


After considering the previous investigations of the copper-tin system, 
it can be seen that the results are diverse and that no two diagrams are 
exactly alike. Since the present study of the ternary system copper- 
nickel-tin was to be considered on the basis of quasibinary copper-tin 
systems containing constant amounts of nickel, it was necessary first to 
establish a copper-tin system around which the remainder of the work 
could be coérdinated. Certain alloys were made and quenched at tem- 
peratures in the vicinity of some of the questionable points of the system; 
namely, the alpha-phase boundary, the gamma, gamma + beta, gamma 
+ delta and delta fields. 

The results obtained on the location of the alpha-phase boundary were 
in agreement with the Stockdale" diagram (Fig. 2). A specimen contain- 
ing 15.5 per cent tin quenched at 590° C. contained only the alpha phase, 
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Fig. 1.—CoprrR-TIN SYSTEM BY BAUER AND VOLLENBRUCK. 
Fic. 2.—ALPHA-PHASE BOUNDARY OF THE COPPER-TIN SYSTEM BY STOCKDALE. 


while one containing 16 per cent tin consisted of alpha witha small amount 
of beta. On cooling the 16 per cent tin alloy to 500° C., all the beta dis- 
solved in the alpha. Apparently there was an increase in solubility of tin 
in the alpha phase on cooling to the lower temperature. No doubt the 
increase in solubility stops at 520° C., the temperature of the beta prime 
to alpha + delta change, as indicated by Stockdale. This same alloy 
showed no change in appearance at 300° C. and room temperature. This 
would show that there is not a decrease in solubility on cooling below 
500° C. <A 17 per cent tin alloy contained alpha + beta at 590° C. and 
alpha + eutectoid (alpha + delta) at room temperature. 


Stockdale: Jnl. Inst. Metals (1925) 34, 111. 
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The Bauer and Vollenbruck!? diagram (Fig. 1) indicates a constant 
solubility of 13.9 per cent tin from 798° C. to room temperature, while the 
Stockdale and Carson" diagrams (Figs. 2 and 3) show an increase from 
about 13.3 to 16 per cent tin between 800° and 520° C. Stockdale 
indicates a constant alpha solubility from 520° to 25° C. and Carson a 
decrease from 16 to 15 per cent tin. The present work confirms Stock- 
dale’s diagram. 

The alloy containing 27 per cent tin gave structures at various tem- 
peratures that are in agreement with the Bauer and Vollenbruck and 
Matzuda'! diagrams. The alloys quenched at 725° and 572° C. were 
homogeneous. The entire specimens were made up of large polygonal 
erystals, which were dark brown on etching with acid ferric chloride. 
The Carson diagram would require 
that the alloy quenched at 725° C. be 
beta + gamma. On cooling to 500° /000 
C. the eutectoid (alpha + delta) 
with a trace of excess alpha was \) 800 
obtained (Fig. 4). No further, 
change occurred on cooling to room 
temperature. 

On quenching the 31.8 per cent tin 
alloy at 725° C. the gamma phase was 
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obtained (Fig. 5). A trace of a 200 
second constituent, delta, can be 
seen at the grain boundaries. The ° 
QandO 20 2790 Ja40 
gamma has a spotted appearance, Weight Aercent Tin 


which would indicate that it was on Fic. 3—CopprRr-TIN SYSTEM BY 
the verge of breaking down. Appar- ON 

ently the high tin gamma constituent is unstable and very hard to retain 
even under drastic quenching conditions. Carson observed the same 
phenomena in the alloys occurring in his gamma field. 

At 572° C. this same alloy contained gamma and delta phases (Fig. 6). 
The delta constituent formed in the grains and at the grain boundaries | 
of the gamma phase. The gamma still had the spotted appearance. 
Both the Raper and Bauer and Vollenbruck diagrams require that at 572° 
C. an alloy of this composition be 100 per cent delta. Carson found, 
however, that gamma and delta existed at this point in about the same 
proportions as shown in Fig. 6. The first two diagrams indicate that 
delta is a compound existing below 580° C., while Carson shows it to be a 
solid solution existing over the range 32 to 33 per cent tin at room tem- 


12 Bauer and Vollenbruck: Ztsch. f. Metallkunde (1923) 15, 119-125, 191-195. 
13 Carson: Canadian Min. & Met. Bull. (Jan., 1929). 

14 Matsuda: Sct. Repts. Tohoku Imp. Univ. (1928) 17, 144. 

15 Raper: Jnl. Inst. Metals (1927) 38, 217. 
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perature after forming directly from gamma containing 33 per cent tin 
at 610° C. This would allow for a wider gamma + delta field. 

At room temperature the 31.8 per cent tin alloy contained delta and a 
small amount of the alpha + delta eutectoid (Fig. 7). This further 
confirmed Carson’s work that delta is not the compound Cu,Sn, which 
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Pia. 4.—Tin, 27; coppmr, 73 PER CENT. ~ QUENCHED aT 500° C. Evrecrom (ALPHA 

L -+- DELTA). 

Fia. 5.—Tin, 31.8; COPPER, 68.2 PER CENT. QUENCHED AT 725° C. Gamma. 

Fic. 6.—Tin, 31.8; copper, 68.2 PER CENT. QUENCHED at 575° C. Gamma + 

DELTA. 

Fic. 7.—Tin, 31.8; copprr, 68.2 PER cENT. CooLED TO ROOM TEMPERATURE 

Eurecror (ALPHA + DELTA) + DELTA. : 
Aut X 100. ALL EYcHED WITH ACID FERRIC CHLORIDE. 


contains 31.8 per cent tin. The results of work on the ternary system also 
indicate that delta is a solid solution. 

After considering the results described above, it can be seen that while 
various parts of the different diagrams agree with them, no one diagram 
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does. This would suggest the putting together of parts of the diagrams 
to make a copper-tin diagram which agrees entirely with the present 
results on that system and also the ternary system. With this in mind 
the diagram shown in Fig. 8 was constructed. The alpha solubility from 
0 to 16 per cent tin was taken from Stockdale’s diagram. The solid 
phase changes from 16 to about 31.7 per cent tin were taken from the 
Bauer and Vollenbruck diagram. This part of the diagram indicates 
that the beta in alloys from 15.5 to 25 per cent tin changes to alpha + 
gamma at 590° C. While the results obtained on just the one alloy con- 
taining 27 per cent tin are by no means sufficient to establish this region, 
the results from the ternary alloys indicate that this diagram is more closely 
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Fig. 8.—CopprR-TIN SYSTEM DERIVED FROM DIAGRAMS IN Fas. 1, 2 AND 3. 
Points are shown which have been checked by the present authors. 
Fic. 9.—TuHe 2 PER CENT NICKEL COPPER-TIN SYSTEM. 


related to the ternary system than either the Raper or Carson diagrams. 
Above 31.7 per cent tin the Carson diagram was used. i 

In the following discussion of the ternary alloys, any reference to the 
copper-tin system refers to this constructed diagram, Fig. 8. 


Tue Two Per Cent Nicket CopprEr-TIN SYSTEM 


The 2 per cent nickel copper-tin system was investigated quite exten- 
sively because this amount of nickel was sufficient to produce decided 
changes in the microstructure and was small enough to be representative 
of the effects produced by the addition of small amounts of nickel to the 
commercial copper-tin bronzes. The equilibrium diagram of this system 
is shown in Fig. 9. 


Bs “ae 


~, 


232 COPPER-RICH ALLOYS OF THE COPPER-NICKEL-TIN SYSTEM 


Liquidus and Solidus.—The liquidus and solidus temperatures that 
were determined are recorded in Table 3. In the diagram shown in Fig. 
9, the liquidus has been extended to 1090° C. at 0 tin which was taken 
from the copper-nickel diagram by Guertler and Tammann.' The pres- 
ent data connect very well with that temperature. 


TasBLeE 3.—liquidus and Solidus Temperatures 


Ni, Per Cent Sn, Per Cent Solidus Liquidus Peritectic 
2 5 913 | 1065 
2 (a wal ob hi hes | 1047 
2} 10 799 ] O27 
2 12 797.5 1001.5 
2 15 798.8 971.5 
2 18 797.3 934 | 
2 22 800 877 | 
», 24 789 848 801 
2 26 774 809 798 
2 29 764 782.5 772.5 
2 31 756.5 MOA 5 764.8 
3 6 901 1066 
3 9 796.5 1032 | 
3 12.5 796. 1003.5 
3 14.5 799.5 982 
3 18 799 939.5 | Solid-solid 
trans. 

5 7 841 1067.5 801.2 
5 12 818.5 1022.5 . 799.8 
5 15 812 990 
5 18 810.5 955 

10 ¢ 899 1096 

10 10 875 1072.5 

10 15 858 1021 

10 18 860.5 991.5 

20 G 973 1139 

20 9 926 1132.5 

20 15 936 1072.5 

20 18 936 1038.5 


te 


A comparison with the liquidus curves of the copper-tin systems by 
Stockdale” and Bauer and Vollenbruck"® shows that 2 per cent nickel 


raised the liquidus temperature 14° C. (average) between 5 and 18 per 


16 Reference of footnote 1, 
17 Reference of footnote 11. 
18 Reference of footnote 12. 


i Ss) 


JOHN T. EASH AND CLAIR UPTHEGROVE 233 


cent tin. Between 18 and 26 per cent tin the increase was a little higher, 
averaging 21° C. 

The solidus horizontal extending from 12 to beyond 26 per cent tin 
was found to be at 799° C. Apparently the nickel has had no effect on 
this transition, for Stockdale as well as Bauer and Vollenbruck gave 799° 
and 798° C. respectively as the temperature of the solidus horizontal in 
the copper-tin system. A comparison of the copper-tin and 2 per cent 
nickel quasibinary systems shows that 2 per cent nickel has increased the 
tin contents of the beta, gamma and liquid phases that are in equilibrium 
with one another at corresponding temperatures. 

Alpha-phase Boundary.—The increase in alpha solubility, as shown 
in Fig. 9, on cooling from 799° to 750° C. must be associated with a solute 
which is related to the beta phase. On cooling to between 750° and 700° 
C. the beta began to change to gamma, which in itself was an unstable 
constituent. As the gamma formed, the atoms of the alpha must like- 
wise have changed their arrangement to some other form. When this 
occurred, insoluble nuclei were formed and an excess phase was precipitated 
if the tin content exceeded that of the alpha boundary. The precipitated 
phase has been designated as theta. The reasons for considering this a 
new phase will be explained later. The addition of 2 per cent nickel 
caused a decrease of more than 12 per cent tin in the alpha solubility at 25° 
C. compared to what it is in the simple copper-tin system. 

The X-ray pattern obtained for a 12 per cent tin alloy containing 2 
per cent nickel that had been annealed and quenched at 780° C. was 
typical of a face-centered cubic structure. The lattice constant com- 
puted from the measurements was 3.680 As 

An interpolation of the values reported by Weiss” on the alpha phase 
of the copper-tin system for a 12 per cent tin alloy gives 3.673 A. This is 
only 0.007 A less than the above value. This shows that the addition 
of 2 per cent nickel has produced very little effect on the lattice parameter 
of the alpha phase. 

Alpha + Beta Field—The beta constituent was not retained in a 
homogeneous state even under very drastic quenching conditions. There 
was always a narrow blue band around it due to a partial decomposition. 
In the specimens containing small amounts of beta, the bands were more 
pronounced than in those containing large amounts, as can be seen by 
comparing Figs. 11, 14 and 15. Apparently the stability of the beta 
increased with the quantity present. It can also be seen that as the degree 
of supersaturation of the beta diminished, the tendency for the formation 
of the transition boundaries on quenching decreased. The alloys 
quenched at 780° C. contained more of the border effect than those 


19 Weiss: Proc. Roy. Soc. (1925) 108A, 643-654. 
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Fras. 10-15.—Caprions ON OPPOSITE PAGR., 


JOHN T. EASH AND CLAIR UPTHEGROVE 235 


quenched at 725° and 700° C. Stockdale observed this reaction rim 
around the beta phase in his study of the alpha + beta alloys of the cop- 
per-tin system. 

Beta Field——On comparing the beta field with that of the copper-tin 
system in Fig. 8, one can see that the presence of 2 per cent nickel caused 
a pronounced decrease in its size and a rise in the inversion point to alpha 
+ gamma from 587° C. to 685° C. 

The X-ray measurements of the beta constituent showed that the 
nickel addition caused an increase in the lattice parameter. A lattice 
constant of 2.994 A was obtained for the 25 per cent tin alloy quenched at 
725° C. Neuburger” gives the constant for a 15 atomic per cent tin 


(24.8 weight per cent) alloy quenched from the beta field to be 2.972 A. 


Patterns typical of body-centered cubic crystals were obtained in 
both investigations. 

Beta + Gamma Field.—There is a decided change in the shape of the 
beta + gamma field. Whereas in the copper-tin system it decreases in 
width from 1 per cent tin at 755° C. to less than 1 per cent at 587° C., in 
the 2 per cent nickel copper-tin system it increases in width from about 1.3 


-per cent tin at 773° C. to more than 3 per cent at the lower boundary. 


Both the upper and lower boundaries are raised in temperature. 

The alloys in this area exhibited a peculiar flowerlike structure. In 
an alloy containing 26 per cent tin, quenched at 725° C., the gamma had 
separated at the edges of the beta grains in long crystals and in the beta 
grains in irregular sharp-cornered particles. On cooling this alloy to 
675° C., the amount of the gamma increased so that it tended to form 
borders around the beta grains (Fig. 21). The interior particles increased 
in size and lost some of their sharpness and irregularity. In both cases 
the beta had a striated appearance. 

The striations in the beta look like slip bands in that they are fine 
lines running in parallel directions in individual grains. These striations 
were probably caused by an internal strain in the beta grains. They 
could be due either to the quench itself or to a precipitation of the gamma 


Fic. 10.—NIcKEL, 2; TIN, 10; coppER, 88 PER oa QUENCHED AT 300° C. ALPHA 
+ THETA. XX 1000 
Fig. 11.—NIcKEL, 2; TIN, 18; coprER, 80 PER CENT. QUENCHED at 780° C. ALPHA 
+ BETA (BLACK). XX 100. 
Fig. 12.— NIcKEL, 2; TIN, 18; coppeR, 80. QurENcHED aT 700° C. AupHa (GRAY) + 
BETA (BLACK) + GAMMA (WHITE). X 100. 
Fic. 13.—NickEt, 2; TIN, 20; coppmnR, 78 PER CENT. COOLED TO ROOM TEMPERA- 
TURE. ALPHA ss DELTA PRIME. XX 100. 
Fig. 14.—NIcKEL, 2; TIN, 22; COPPER, 76 PER CENT. QUENCHED aT 780°C. ALPHA 
"+ BETA ’ (BLACK). x 100. 
Fig. 15.—NIcKEL, 2; TIN, 22; copPpER, 76 PER CENT. QUENCHED aT 725°C. ALPHA 
+ BTA (acIcuLAR). X 100. 
Etched with acid ferric chloride. 


20 Neuburger: Rontgenography of the Metals and Their Alloys, 144-151. F. Enke. 
Stuttgart, 1929. 
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phase along the crystal planes. The latter cause would seem to be the 
more probable. 

Alpha + Beta + Gamma Field.—The beta change at 587° C. in the 
copper-tin system was raised to 750° C. at the high copper side and to 
640° C. at the tin-rich side by the addition of 2 per cent nickel. Hoyt 
believed that the change at 590° C. in the copper-tin system was due to a 
transformation of the beta to alpha + gamma. This effect appears 
to have been accentuated by the presence of 2 per cent nickel, for a 
narrow field approximately 17° C. in width instead of a line was found 
to exist between 18 and 25 per cent tin. Below 18 and above 25 per 
cent tin the area diminished in width to 0° C. at 14.5 and 28 per 
cent tin respectively. 

Fig. 12 shows the three phases obtained by quenching an 18 per cent 
tin alloy at 700° C. On comparing this with Fig. 11, it can be seen that 
the beta has almost completely changed to gamma. Fig. 19 shows the. 
beginning of the gamma formation in the beta phase, which is partially 
striated. Ina 24 per cent tin alloy quenched at 675° C., the beta + gamma 
phases had the flowerlike structure of the alloys occurring in the beta 
+ gamma field and the alpha occurred as lozenge-shaped grains (Fig. 20). 

From these observations it can be seen that the beta change occurring 
in this range is not a transformation to a eutectoidal structure of alpha + 
gamma, but merely a change to these two phases by a two-stepped trans- 
formation. First, the beta changes to gamma, which has a lower solu- 
bility for copper than the beta. Second, owing to this decrease in copper 
solubility in the gamma phase, there is a migration of the atoms and the 
alpha phase, which is copper rich, is precipitated. The alpha is always 
precipitated at the grain boundaries of the gamma and never between 
beta and gamma grains, where the differences in composition between the 
two phases tend to adjust themselves. 

The beta change at 587° C. in the copper-tin system may well be the 
same kind of transformation. In the absence of nickel, the change 
occurs at a more rapid rate. 

Gamma Field.—The 29 per cent tin alloys that were quenched at 
temperatures within the gamma field were homogeneous. The 31 per 
cent tin alloys, however, were of an unstable nature, as those that were 


Fic, 16.—NIcKEL, 2; TIN, 22; copPER, 76 PER CENT. QUENCHED aT 675°C. ALPHA 
+ GAMMA (DARK). X 100. 
Fig. 17.—NIcKEL, 2; TIN, 22; copPER, 76 PER CENT. QUENCHED AT 575°C. ALPHA 
+ GAMMA (DARK). X 100. 
Fic. 18.—NIcKEL, 2; TIN, 22; coppER, 76.PER CENT. COOLED TO ROOM TEMPERA- 
TURE, ALPHA + BUTECTOID (ALPHA + DELTA PRIME). X 100. 
Fic. 19.—NIckKEt, 2; TIN, 23; coppER, 75 PER CENT. QUENCHED aT 688° C, ALpHa 
(WHITE) + BETA (DARK) + GAMMA (IRREGULAR SHAPED). x 100. 
Fic. 20.—NIcKEL, 2; TIN, 24; coppER, 74 PER CENT. QUENCHED AT 675°C. ALPHA 
+sEra + Gamma. X 100. 
Fic. 21.—NIcKEL, 2; TIN, 26; COPPER, 72 PER CENT. QUENCHED AT 675° C. Gamma 
+ BETA (STRIATED). X 100. 
Etched with acid ferric chloride. 
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quenched above 625° C. contained a small quantity of precipitated 
delta prime. The alloy quenched at 575° C. was homogeneous. These 
same phenomena were observed by Matsuda?! in his study of the copper- 
tin alloys.’ 

Several attempts were made to obtain X-ray diffraction patterns of 31 
per cent tin alloys quenched at 725°C. Very poor patterns were obtained 
and sometimes no definite lines were found after 12 hr. exposure. The 
unstable condition of the gamma constituent caused diffuse lines. This 
same phenomenon was observed by Carson in his work on the gamma 
phase of the copper-tin system. 

Alpha + Gamma Field.—One of the most striking characteristics of 
the alloys occurring in this field was the variation in appearance of the 
gamma phase. At the high temperatures near the alpha + beta + 
gamma boundary the gamma phase had a light blue color after etching 
with acid ferric chloride, while at temperatures near the lower boundary 
it was dark blue. This is illustrated in Figs. 16 and 17. The same was 
true with the variation of the tin content. As the tin increased, the 
gamma, changed from a light blue color to a dark blue-brown color. 

The lower boundary of the field was determined by thermal examina- 
tions of seven alloys varying in tin content from 16 to 29 per cent tin. 
The thermal changes varied within the limits of 537° to 542° C., indicating 
a gamma eutectoid inversion at 539° C. 

Alpha + Theta Field—The theta constituent was clear and had a 
light blue color on etching with acid ferric chloride. It had a nodular 
and needlelike form, as is shown in Fig. 10 (a 10 per cent tin alloy quenched 
at 300° C.). While most of it occurred as a precipitated phase in the 
alpha, some of it is also located at the grain boundaries. 

The theta constituent was considered to be different from the gamma 
phase, for the following reasons. A thermal examination of a homogenized 
14.2 per cent tin alloy did not indicate any change between 500° and 650° 
C. This would indicate that the same phase was present from tempera- 
tures just below the alpha-phase boundary to below 500° C. The addi- 
tion of 2 per cent nickel raised the temperature of the gamma inversion to 


Fria. 22.—NIcKBEL, 2; TIN, 27; COPPER, 71 PER CENT. COOLED TO ROOM TEMPERATURE, 
ALPHA + EUTECTOID (ALPHA + DELTA PRIME). > 100. 

Fia, 23.—NIcKE1, 5; TIN, 29; coppER, 66 PER CENT. COOLED TO ROOM TEMPERATURD, 

. ALPHA + DELTA PRIME (WHITE). XX 100. 

Fic. 24.—NickEeL, 2; TIN, 20; coppER, 78 PER CENT. COOLED SLOWLY TO ROOM 
TEMPERATURE. REHEATED AND COOLED THROUGH 539° C. aT A RATE oF 10° C 
PER MINUTE. ALPHA + EUTECTOID (ALPHA + DELTA PRIME). > 1000. 

Via. 25.—NIcknm1, 5; TIN, 13; COPPER 82 PER CENT. COOLED TO ROOM TEMPERATURE 

(COOLED FROM 700° To 500 C. in 10 uR.). ALPHA + THETA. X 100. 
Fria. 26.—NIckEL, 20; TIN, 9; COPPER, 71 PER CENT. COOLED TO ROOM TEMPERATURE 
(COOLED FROM 725° to 500° C. in 94 ur.). AnpHa + THETA. X 1000. 
Etched with acid ferric chloride. 


21 Reference of footnote 14. 
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539° C. This is 19° C. higher than in the copper-tin system. It is not 
very probable that the nickel would lower the temperature domain of 
gamma in one case and raise it in another; therefore, the excess constituent 
in this field has been designated as a new phase, theta. 

On considering the instability of the gamma phase it seemed very 
likely that the gamma in low-tin alloys changed to theta over a range of 


temperature; so a sloping line CM was drawn to indicate the boundary — 


between the alpha + theta and alpha + gamma fields. This boundary 
intersects the alpha boundary at a temperature slightly lower than do 
the boundaries of the alpha + beta + gamma field. 

The microstructure of these alloys, together with those of the higher 
nickel alloys, discussed later, indicate that the theta phase might be either 
the compound Ni,Sn or Ni;Sn of the nickel-tin system reported by Voss,”* 
or what is more probable, one of these compounds containing copper in 
solid solution. 

Alpha + Delta Prime Field—The alpha + delta. prime field was 
located between 539° C. and room temperature for alloys containing from 
16 to beyond 31 per cent tin. The boundary on the high tin side was not 
determined. The alloys containing from 16 to 20 per cent tin that were 
quenched at 500° C. and also those cooled to room temperature contained 
alpha plus a clear delta prime constituent (Fig. 18). 

The alloys from 22 to 29 per cent tin consisted of alpha + eutectoid 
(alpha + delta prime) (Figs. 18 and 22). These photomicrographs show 
that the amount of alpha precipitate in the eutectoid increased with the 
tin content. The 22 and 23 per cent tin alloys had very little alpha in 
the delta prime and most of it was in the center of the delta prime grains, 
while the 27 and 29 per cent tin alloys had considerable quantities of 
alpha in the delta prime phase. 

The existence of the new phase delta prime was established by the fol- 
lowing observations: 

1. On etching with acid ferrie chloride, delta prime was white, while 
the gamma constituent in alloys from 18 to 29 per cent tin varied in color 
from a pale blue to a dark blue-brown color respectively. 

2. The thermal examinations of the alloys from 16 to 29 per cent tin 
indicated a thermal change at 539° C. which was in agreement with a 
phase transformation. 

3. The difference in the behavior of the delta prime phase from all 
other phases when examined under polarized light. A large number of 
alloys were examined under polarized light so that the behavior of every 
phase in the diagram could be determined. The results show that in 
every case the delta prime phase reversed colors when rotated in the polar- 
ized light. On rotating 360°, it was white twice and dark twice. It did 
not reverse as a solid mass but as individual crystals. First one would 


22 Reference of footnote 3. 
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turn dark and then another, depending upon the orientation of the crys- 
tals. All of the other phases in this system did not reverse colors when 
rotated, but remained dark. This indicated that delta prime does not 
have a cubic structure and that all the other phases do have. 

Delta prime, although having the same color and appearance when 
examined under the ordinary microscopic procedure as the delta of the 
copper-tin system, differed from it under polarized light. Delta did not 
reverse colors. According to Westgren and Phragmen?® delta has a 
face-centered cubic lattice with 416 atoms to the unit cell. This is with- 
out doubt a very peculiar type of structure. A small amount of nickel 
was sufficient to change this cubic structure to perhaps a tetragonal or a 
hexagonal phase. This being the case, delta prime would reverse colors 
when viewed under polarized light. 

In the same manner delta prime was distinguished from the theta 
phase. The line CMP was drawn from 14.5 per cent tin, 749° C., to 15.8 
per cent tin, 25° C., because there was a definite moving to the right of the 
corresponding line in the 3 and 5 per cent nickel systems. 

The 31 per cent tin alloy quenched at 500° C. contained delta prime + 
eutectoid (alpha + delta prime). When it was cooled to room tempera- 
ture the amount of excess delta prime increased. The same phenomena 
were observed in the 1 per cent nickel alloys. Since the alpha-phase 
boundary did not vary from 500° to 25° C., the change must be entirely 
in the delta prime phase. This would indicate that delta prime was a 
solid solution whose solubility for copper and nickel increased on cooling 
below the eutectoid transformation. 

After considering the structures of the alloys in this field the question 
arises as to why the high-tin alloys have a eutectoid structure and the 
low-tin alloys do not. It can be explained in the following manner: 

1. The addition of nickel moves the location of the gamma eutectoid 
to higher percentages of tin. It is assumed that the delta prime phase 
boundary is moving also to higher tin percentages but not as rapidly as 
the eutectoid. As the distance between the eutectoid point and the 
delta prime phase boundary is decreased, the amount of alpha in the 
eutectoid is decreased. 

2. On cooling below the eutectoid transformation, the solubility of 
copper and nickel in the delta prime is increased so that part of the alpha 
in any eutectoid present is absorbed by the delta prime. 

3. The diffusion rates of the atoms must be greater in the delta prime 
phase than in the ordinary delta, so that when an alloy is cooled slowly 
through the eutectoid inversion the resulting phases come to a state that 
is nearer to equilibrium. In other words, the copper and nickel atoms 
migrate at a faster rate to either the already existing alpha boundaries 
or to coalesce with one another and form coarse alpha particles in the delta 


23 Westgren and Phragmen: Ztsch. f. Metallkunde (1926) 18, 279-284. 
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prime than in nickel-free alloys. When the delta prime grains are small 
and the migration distances are short a clear delta prime will result, and 
when the delta prime crystals are large a coarse eutectoid will be formed. 
These two cases are represented by the 20 and 29 per cent tin alloys. 

The fact that the rate of cooling plays an important part in the struc- 
ture obtained can be seen by comparing two 20 per cent nickel alloys, 
Figs. 13 and 24, that were cooled at two different rates. The first struc- 
ture was obtained by the annealing and very slow cooling treatment used 
in determining the equilibrium diagram and the second by reheating and 
cooling this annealed alloy through 539° C. at the rate of 10° C. per minute. 
The delta prime of the annealed and very slowly cooled alloy is homogene- 
ous while the other has a eutectoidal structure. 


Tue OnE Per Cent NIcKEL COPPER-TIN SYSTEM 


There was such a decided shift in the location of the eutectoid point, 
gamma to alpha + delta prime, in the 2 per cent nickel copper-tin system 
from that of the straight bronze that it seemed wise to locate it at some 
composition between the two systems. Four alloys were made containing 
1 per cent nickel with the tin varying from 27 to 30 per cent and were 
quenched at temperatures varying from 725° to 500° C. A set of alloys 
also was slowly cooled to room temperature. 

The results obtained from the heat treatments of the four alloys are 
exactly what one would expect to find on assuming a gradual change from 
the copper-tin system to the 2 per cent nickel quasibinary system. The 
eutectoid point was located at_28.5 per cent tin. 


THe THREE AND Five Per Crnt NicKEL CoOppEeR-TIN SYSTEMS 


The 3 and 5 per cent nickel copper-tin systems were not developed as 
extensively as the 2 per cent series has been. The alpha-phase boundary 
together with the solidus and liquidus above that field were determined. 
Five additional alloys in each system exceeding the alpha limit and con- 
taining as high as 29 per cent tin were quenched at the same standard 
temperature intervals as were the 2 per cent nickel alloys. While the 
latter observations did not give enough information to fully establish the 
systems, they do agree with the results obtained for the previous systems 
and show the general trend of the phase changes caused by further nickel 
additions. These systems are shown in Figs. 27 and 28. 

Liquidus and Solidus.—The temperature of the liquidus in both the 3 
and 5 per cent nickel systems was raised 7° C. for each per cent of nickel 
compared to the copper-tin system. 

The solidus horizontal in the 3 per cent nickel system above the alpha 
+ beta field was located at 799° C., which is the same as the 2 per cent 
nickel system. With 5 per cent nickel it was at 812° C. 

Alpha-phase Boundary.—The solubility of tin in the alpha phase in 
both the 3 and 5 per cent nickel systems decreased from 12.5 to less than 
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1.5 per cent tin between 780° and 500° C. The shape of the boundary in 
the 3 per cent nickel quasibinary is very similar to that of the 2 per cent 
nickel system. The boundary of the 5 per cent system differs from the 
other two in that the tin solubility decreased more rapidly between 780° 
and 700° C. No further change in solubility occurred on cooling below 
500° C. in either case. 
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Fic. 27.—TuHm 3 PER CENT NICKEL COPPER-TIN SYSTEM. 
Fig. 28.—THE 5 PER CENT NICKEL COPPER-TIN SYSTEM. 


Solid Phase Changes Outside Alpha Boundary.—The phases present in 
the alloys that exceed the alpha boundary show that further nickel addi- 
tions have a progressive effect on the location of the boundaries of the 
various fields. As in the 2 per cent nickel system, the addition of 3 and 
5 per cent nickel raised the temperature domain and restricted the size of 
all the areas containing the beta phase. In the 5 per cent nickel system, 
the alpha + beta + gamma field was within 11° C. of the peritectic 
horizontal. The rate at which the alpha + beta field has been diminished 
in size and the raising of the triplex field would indicate that the beta 
constituent would finally vanish on further nickel additions. 

The boundary between the alpha + theta and alpha + delta prime 
fields was raised to higher percentages of tin in both systems. In the 
3 per cent nickel quasibinary the alpha + delta prime alloys containing 
below 26 per cent tin had a clear delta prime phase, while those above had 
a eutectoid structure. All of the 5 per cent nickel alpha + delta prime 
alloys had a clear delta prime phase (Fig. 23). As the nickel was increased 
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from 3 to 5 per cent in the 29 per cent tin alloys the amount of excess 
alpha increased, indicating that the delta prime phase boundary has been 
raised to a higher tin content as the nickel increased. 


Tue TEN AND Twenty Per Cent NickEL COPPER-TIN SYSTEMS 


The study of the 10 and 20 per cent nickel systems has been limited 
to the determination of the alpha-phase boundary. 

The 10 Per Cent Nickel Copper-tin System—The diagram of this 
system is shown in Fig. 29. The average increase in the liquidus tempera- 
ture for each per cent of nickel was 6.8° C. The peritectic horizontal was 
located at 859° C., which is 61° C. higher than in the simple copper- 
tin system. 
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Fig. 29. Fre, 30: 
Fic. 29.—Tue 10 PER CENT NICKEL COPPER-TIN SYSTEM. 
Fic. 30.—Txer 20 PER CENT NICKEL COPPER-TIN SYSTEM. 


The alpha boundary decreased from about 8.7 per cent tin at 780° C. to 
slightly less than 1.5 per cent at 500° C., and room temperature. The 
alpha + theta phases were present in alloys exceeding the solubility limit. 

The 20 Per Cent Nickel Copper-tin System—The diagram of this 
system is shown in Fig. 30. The average increase in the liquidus tempera- 
ture above that of the copper-tin system was 5.7° C. for each per cent of 
sae The peritectic horizontal was located at 936° C., an increase of 

There was not as great a decrease in the solubility of tin in the alpha 
with decreasing temperature as in the other systems. This alpha solu- 
bility also differed from the others in that it decreased on cooling from 
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500° to 25° C. The boundary varied from about 7.2 to 3.1 per cent tin 
between 780° and 25° C. 


0 5 /0 sy 20 25 30 
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Fic. 31—Tue 780° C. IsoTHERM. 
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Fig. 32.—Tue 700° C. 1soTHERM. 
MIcROSsTRUCTURE oF ALLOYS IN THE ALPHA + THETA FIELD 


Upthegrove, Wilson and Rhines*‘ found that slowly cooled alloys 
containing 15 per cent tin and 3 to 10 per cent nickel consisted of dark- 
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etching alpha containing particles of the light theta phase, similar to 
Fig. 25. Price, Grant and Phillips* also found that alloys in the alpha 
+ theta field had a dark color after etching. 
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Fic. 33.—TueE 575° C. IsoTHERM. 


Weight Percent WNicke/ 
Fic. 84.—Tup 500°, 300° anp 25° C. 1sorHErRM. 


The observations of the present authors show that the microstructure 
of alloys in this field depends upon the rate of cooling through the temper- 
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ature range in which the solubility of tin decreases in the alpha phase. 
When an alloy is cooled fairly rapidly through this temperature range, the 
theta constituent is precipitated in a very finely divided state in the alpha. 
After etching, this mixture has a dark appearance as shown in Fig. 25, 
which is a photomicrograph of a 5 per cent nickel and 13 per cent tin alloy 
cooled from 700° to 500° C. in 10 hr. When these alloys are cooled at a 
much slower rate, the theta phase coalesces into large grains and the 
alpha matrix is clear after etching. Fig. 26 shows the clear alpha matrix 
and large theta particles in a 20 per cent nickel, 9 per cent tin alloy 
which was cooled from 725° to 500° C. in 94 hours. 


SUMMARY 


The results of the investigation can be summarized clearly by consider- 
ing several isothermal diagrams of the ternary system. Figs. 31 to 34 
give the isotherms at 780°, 700°, 575° and 500°, 300°, 25° C. respectively. 

A survey of the isotherms shows that as the nickel is increased the 
boundaries of the beta and gamma fields move to higher tin contents. As 
the temperature is lowered all the areas containing the beta phase con- 
tract to lower nickel contents. The alpha + gamma field likewise 
diminishes in size at the lower temperatures. 

The gamma and alpha + gamma fields present at 575° C. are 
replaced by the alpha + delta and alpha + delta prime areas in the 500° 
C. isotherm (Fig. 34). The dotted line extending from 16 to 32 per cent 
tin at approximately 0.5 per cent nickel indicates that a definite amount 
of nickel probably is required to produce alpha + delta prime. The 
broken line across the top of the diagram indicates the shift in the gamma 
eutectoid inversion to alpha + delta prime to higher percentages of tin 
as the nickel is increased in amount. 

The solubility of tin in the alpha phase in all the isotherms starts to 
decrease at the nickel content at which the alpha comes in equilibrium with 
the theta phase, which varies between about 0.5 and 3.5 per cent nickel. 


CONCLUSIONS 


After considering the various quasibinary systems and the ternary 
isotherms, the following conclusions were reached concerning the copper- 
rich alloys of the copper-nickel-tin system: 

1. The solubility of tin in the alpha phase of the copper-tin system 
increases between 590° and 500° C. and then remains constant to 
room temperature. 

2. The transformation in the copper-tin system between 15.5 and 25 
per cent tin at 590° C., which was observed by Hoyt, Stockdale and 
others, is due to a change of the beta phase to alpha + gamma. 

3. The liquidus of the bronzes containing up to 18 per cent tin is 
increased 7° C. for each per cent of nickel added up to 5 per cent. Above 
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that amount of nickel the gradient diminishes to 5.7° C. at 20 per 
cent nickel. 

4. Alloys containing up to 10 per cent nickel exhibit a greater temper- 
ature difference between the liquidus and the solidus horizontal above the 
alpha + beta field than do the simple copper-tin alloys. 

5. The addition of nickel to copper-tin alloys causes the solubility of 
tin in the alpha phase to increase on cooling below the solidus when the 
alpha is in equilibrium with the beta phase. The solubility of tin in the 
alpha decreases on cooling below the temperature at which beta changes 
to alpha + gamma. A new phase, theta, is then precipitated. 

6. The alpha solubility at 500°, 300° and 25° C. decreases from 16 per 
cent tin at 0 per cent nickel to a minimum of approximately 1.2 per cent 
tin at 4 per cent nickel, followed by a gradual increase to slightly over 3 
per cent tin at 20 per cent nickel. 

7. The lattice parameter of the alpha phase of an alloy containing 2 
per cent nickel and 12 per cent tin quenched at 780° C. is 3.680 A. The 
parameter of the beta phase of an alloy containing 2 per cent nickel and 
25 per cent tin quenched at 725° C. is 2.994 AY 

8. The addition of nickel raises the temperature of the beta trans- 
formation to alpha + gamma and causes the change to be more sluggish 
and to extend over a range of temperature. This transformation does 
not occur at constant temperature, but takes place at higher temperatures 
as the copper or nickel content increases. 

9. The addition of nickel to the delta phase of the copper-tin system 
causes it to change from a cubic structure to an anisometric structure, 
which has been designated as delta prime. Delta prime is a solid solution 
in which the solubility of copper and nickel increases on cooling below the 
eutectoid transformation; thus causing an absorption of part of the alpha. 

10. The addition of nickel causes the gamma eutectoid point to move 
to higher tin contents. 

11. In alloys containing 2 per cent nickel and at least 16 per cent tin, 
the gamma phase changes to alpha + delta prime on cooling through 
539° C. Whether or not the eutectoid structure of alpha + delta prime 
is obtained, depends upon the rate of cooling. A rapid rate of cooling 
tends to give a fine eutectoid structure, while a very slow rate of cooling 
gives a clear delta prime phase in the low-tin alloys and a coarse eutectoid 
structure in the high-tin alloys. By slow cooling the alpha is given an 
opportunity to coalesce at the grain boundaries. 

12. Alloys in the alpha + theta field containing at least 5 per cent 
nickel when cooled to room temperature may contain either a clear or 
dark-etching alpha matrix, depending upon the rate of cooling through the 
temperature range in which the solubility of tin in the alpha phase 
decreases. A relatively fast rate of cooling causes the theta constituent 
to separate in a very fine precipitate in the alpha, causing a dark 


etnies Lei 
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appearance on etching. A very slow rate of cooling allows the theta 
phase to coalesce to large grains and the alpha remains light in color. 
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DISCUSSION 
(Robert F. Mehl presiding) 


O. A. Carson, Kingston, Ont., Canada (written discussion) —I am unable to 
agree with the copper-tin diagram derived by the authors, particularly the beta and 
gamma fields. This section has been one of the chief sources of controversy in regard 
to the copper-tin alloys since Hoyt located the horizontal at 590° C. between 15 and 
25 percent tin. Alloys containing 26.5 per cent tin quenched at 640° C. and at 540° C. 
all gave identical body-centered cubic patterns when examined with X-rays.26 It 
appears to be generally conceded that beta is body-centered cubic and therefore it 
seems reasonably certain that both alloys were beta. Further, the microscope fails 
to reveal any structural change in alloys containing 20 to 26.5 per cent tin on passing 
the 590 horizontal, which would indicate a change from beta to gamma. 

I would also like to point out that the results obtained by the authors on the 27 
per cent tin alloy appears to be in excellent agreement with those given in my paper 
for this alloy. This can be seen readily by examination of the tabulated data?’ on 
the beta boundary; alloy 15Q, 27 per cent tin, quenched 723° C., consisted of uniform 
beta while the 27.5 per cent tin quenched at 723° C. consisted of beta plus gamma. 
At the lower temperature used by the authors, 572° C., both the 27 and 27.5 per cent 
alloys would lie in the beta field. Therefore the authors’ statement on page 229, 
second paragraph, that ‘the Carson diagram would require that the alloy (27 per cent 
tin) quenched at 725° C. be beta + gamma” is not strictly accurate. It must be 
admitted that the diagram given in my paper might easily lead to this mistake, as the 
boundary may have been drawn a few tenths of one per cent low at this point and a 
plot of the 27 per cent alloy would place it at the boundary of beta/beta plus gamma 
fields. From the description given by the authors of their 27 per cent tin alloys I 
believe that both consisted of uniform beta and were identical with similar alloys 
examined in my work. It was undoubtedly due to the large number of alloys to be 
examined that the 27 per cent tin alloy appears to have been the only composition 
used to decide this section of the copper-tin diagram, and this was, perhaps, an 
unfortunate choice. It was very gratifying, however, to find that their results were 
in agreement with mine in the region of the delta field. 


W. B. Price, Waterbury, Conn. (written discussion).—On page 224, the statement 
is made, ‘‘ Wise found that, owing to the decrease in solubility between high and low 
temperatures, it was possible to age-harden alloys having compositions within this 
range.’ In the paper by Price, Grant and Phillips,* considerable space was devoted 


26Q. A. Carson: The Bronzes, 80. Reprinted from The Canadian Mining and 
Metallurgical Bulletin, January, 1929. Also reference of footnote 29, 154. 


27Q, A. Carson: Op. cit., 30. 
28 Price, Grant and Phillips: Trans. A.I.M.E. (1928) 78, Inst. Metals Div., 503. 
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to the age-hardening of copper-nickel-tin alloys. An alloy consisting of 64.4 per cent 
copper, 27.6 per cent nickel and 8 per cent tin was specifically described and the 
Brinell hardness of this chill-cast alloy was increased” from 114 to 321 after being 
homogenized for 100 hr. at 800° C. and drawn at 500° C. Wise, in his discussion of 
our paper, confirmed the fact that copper-nickel-tin alloys could be age-hardened. 
It is, however, of importance to note that nearly all of the copper-nickel-tin alloys 
given by Wise as susceptible to age-hardening contained amounts of other elements 
such as chromium, silicon, manganese and zinc, varying in amounts from 0.2 to 2 
per cent. These additions, especially the silicon and chromium, as stated by Wise, 
increased the strength at the expense of the ductility.*° The silicon would also tend 
to increase age-hardening. I therefore, not Wise, was the first to publish the fact 
that the copper-nickel-tin alloys could be age-hardened, and in the summary of our 
paper (item 3, page 514) the statement is made that ‘‘a wide range of hardenable 
copper-nickel-tin alloys has been discovered.” 

In the authors’ discussion of the paper by Price, Grant and Phillips, the following 
statement is made: ‘‘The excess phase was considered to be beta in all cases.” This 
statement is not strictly in accord with the facts, as we did not consider the excess 
phase to be beta in all cases. On page 509 the following statement substantiates 
this: ‘‘ However, it was early found that an alloy of 90:10 copper-nickel base, contain- 
ing 8.3 per cent tin, showed no beta when quenched from 800° C. but when slowly 
cooled was completely ‘peppered’ with a second constituent.” Also, on page 511, 
the following statement is made, ‘‘ We are not attempting to describe the constitu- 
ents, for fear of becoming involved in a controversy as to the possible beta-gamma- 
delta transformations.” 

I am glad that the present authors have been able by means of polarized light 
examinations to differentiate the different phases and give them their proper names, 
theta and delta prime. 


D. Stockpan, Cambridge, England (written discussion).—The writer is gratified 
to find that the authors’ work on the copper-tin system corroborates his own, particu- 
larly with respect to the general shape and position of the solidus and to the solubility 
of tin in copper at low temperatures. With regard to the alloys of higher tin content, 
it was difficult to decide whether there were two phases in the beta and gamma area 
as shown in Fig. 8 or whether there were three, as found by Raper. Most workers, 
however, are now agreed that the copper-rich beta phase undergoes some transforma- 
tion at 590° C. Raper and Stockdale call the new phase beta prime; the others call 
it gamma. They all probably mean exactly the same thing and it is unfortunate 
that a doubt about the existence of a third phase in this area should cause such a 
confused terminology. The same confusion is increased by the use of the word 
“polymorphic.”’ ‘‘Polymorphism”’ is the power of a chemical compound to crystal- 
lize in two or more forms without change in composition. The writer has found that 
the beta phase changed over at 590° C. to a second phase, but he missed the separation 
of any alpha; Raper found that the beta phase first changed to a second phase which 
then threw out alpha (a stepped transformation). The authors now suggest a two- 
stepped transformation—Raper’s mechanism, in fact. The first step in all three 
cases appears to be an example of polymorphism, provided that term can be applied 
correctly to a secondary solid solution that can change over to another form without 
change in composition. The word “polymorphic” could perhaps be justified in 1925. 
Even then its use was unfortunate, and it is to be hoped that future workers will 
avoid it when referring to the literature. 


»® Price, Grant and Phillips: Op. cit., Table 3. 
8° Price, Grant and Phillips: Op. cit., 514 and Table 4. 
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The authors’ quasibinary diagrams have an unfamiliar appearance and are difficult 
to reconcile with the phase rule. Many of the discrepancies would disappear if it 
could be shown that the theta and the delta prime solutions are one andthe same 
phase. It is to be regretted that these solutions were not examined by X-rays. It 
may be found that one of them contains only two of the elements and that the addition 
of the third alters and distorts the unit cell in a continuous manner. Such an observa- 


' tion would be of great interest. 


KE. R. Darsy, Detroit, Mich.—My first experience with the copper-tin-nickel 
system was about 1923. When upon investigating the effect of 5 per cent nickel in 
leaded bronzes, it was discovered that certain chill castings showed a noticeable 
increase in bande ce after a low-temperature anneal. The alloy, containing 10 per 
cent tin and 10 per cent lead, was annealed for the purpose of relieving stresses incident 


- to casting, and it was entirely through accident that the hardening effect was noticed. 
' Subsequently, experiments developed that with higher lead contents, this hardening 


was not evident. 

Recent work with lead-free alloys leads me to believe that certain compositions 
of this system may find important use, but at the present, the marked decline in 
ductility accompanying the increase of strength by aging dangerously approaches 
brittleness. By additions of other elements, it is possible that strength and toughness 
in the annealed and quenched state may be so materially increased that the elongation 
as drawn is greatly improved. The casting characteristics of the copper-tin-nickel 
alloys are not any too good and work along the lines of prevention of grain envelopes 
will have to be done. 


W. M. Corssz, Washington, D. C.—I have not been in close enough touch recently 
with technical research to discuss the paper from that angle, but I am glad to see such 
an authentic and concise presentation of technical information on these particular 
alloys. Need for it was particularly apparent some years ago when I made a survey 
of the general subject of the addition of nickel to brasses and bronzes, and at that time 
I aided in preparing a program of research which we hoped would clear up many of the 
questions that needed answering. The results of the researches of Messrs. Hash and 
Upthegrove is a long step in the right direction. 


A.J. Pumurps, Perth Amboy, N. J.—While the authors have mentioned in Table 1 
Hansen’s paper in Zeitschrift fiir Metallkwnde, in their discussion of the copper-nickel- 
tin system they do not mention it. I believe that Hansen has demonstrated fairly 
satisfactorily that the solubility of tin in alpha decreases from 500° C. to room tem- 
perature. I did some work on this subject just before Hansen’s paper was published 
and found that an alloy of approximately 16 per cent when heat-treated at 500° C. 
showed alpha only, but the same alloy upon subsequent heat treatment for several 
hundred hours of 250° C. showed a fine precipitation of second constituent, probably 
delta. I believe that the reason most investigations have not encountered this 
decrease in solubility is that their annealing periods have been too short. 


D. W. Smiru, Pittsburgh, Pa.—The copper-tin constitutional diagram as set forth 
by Hamasumi and Nishigori*! is at variance with the one used by the authors. In my 
work on segregate structures in copper-tin and silver-zine alloys,*’ I had occasion to 
use a copper-tin alloy containing 25 per cent tin which at 550° C. contained alpha 
and beta phases (proved by X-ray analysis), and not alpha and gamma as the authors’ 
diagram shows, for this concentration and temperature. 


31 Tohoku Imp. Univ. Tech. Repts. (1931) 10, 131. 
32 Page 48, this volume. 
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L. L. Wyman, Schenectady, N. Y.—The authors designate Fig. 21 as striated beta 
phase. On the basis of the photograph shown, the markings are obviously polishing 
scratches, especially inasmuch as they continue through several fields in parallel lines. 
The authors, furthermore, do not call attention to similar markings in, for instance, 
Figs. 18 and 23. I believe that when striations in grains are to be used as proof of a 
given phase, it would be well to follow the example of Mr. Sykes, who, in his paper on 
cobalt-tungsten, incorporated sufficient grains to prove undeniably the markings to 
be striations, and to vary in direction from grain to grain. 


R. F. Ment, Pittsburgh, Pa.—Fig. 9 calls for extensive precipitation from the 
terminal solid solution. May I ask whether the authors have found or prepared any 
Widmanstitten or segregate structures in this composition range? 


J. T. Easn anp C. Uprurcrove (written discussion).—The authors appreciate Dr. 
Carson’s comments but do not feel that their data on the 27 per cent tin alloy agrees 
with the view that on quenching at 725° and 572° C. the alloy would be beta. Their 
conceptions that the 27 per cent tin alloy would be gamma and that a change occurs 
at 590° C. in alloys containing between 16 and 25 per cent tin is confirmed by the very 
definite change in microstructure occurring in these alloys when they carry as little as 
0.5 per cent nickel. Numerous observations on alloys in this range carrying 2, 1 and 
0.5 per cent nickel point to the beta to gamma change. 

The 27 tin, 73 copper alloy quenched at 725° C. lies very close to the boundary of 
the beta and beta + gamma fields. The copper-tin diagram presented by Dr. Car- 
son shows that this alloy should be beta + gamma. As Dr. Carson states, there must 
be a slight discrepancy between his data and his diagram. 

The authors do not wish to place any misinterpretation on the work of Price, 
Grant, and Phillips. However, the table of Price, Grant and Phillips giving the con- 
stituents of the alloys of binary systems containing varying amounts of tin very defi- 
nitely lists the excess constituent as beta in all cases. Perhaps this table should have 
been modified in view of the statement quoted by Mr. Price. 

Mr. Price, in discussmg Wise’s work, apparently has in mind the compositions 
indicated in the latter’s Table 4, which, however, relates solely to the tensile properties 
of annealed and unaged alloys, and in consequence is not complicated by the factors 
suggested by Price. Incidentally, it may be noted that these results were, for the 
most part, based upon tests made in 1921. Wise, in his determination of the solubility 
relationship of the copper-nickel-tin alloys and in his study of the precipitation harden- 
ing of the copper-nickel-tin alloys, used samples of high purity, deoxidized with a small 
amount of manganese or magnesium, so that no significant errors arose from these 
impurities. Asa matter of fact, Wise, in his discussion of the Price, Grant and Phillips 
paper, specifically states that alloys containing silicon or phosphorous plus nickel, 
age-harden, and he was therefore fully cognizant of the complications that might arise 
in connection with the age-hardening of the modified copper-nickel-tin alloys. 

Perhaps, as Dr. Stockdale says, the authors have been guilty of adding to the con- 
fusion of terminology used to describe the existence of the various phases, but at the 
present time they see no reason for preferring beta prime over gamma, 

The authors appreciate the comments made by Mr. Darby, as they are particularly 
interesting from a practical viewpoint. 

A study of the casting properties of copper-nickel-tin alloys has been in progress for 
some time and has resulted in the development of methods for melting and deoxidation, 
with the result that it is now possible to produce consistently tensile bars which, after 
suitable heat treatment, develop the following average properties: tensile strength, 
96,000 Ib. per sq. in.; proportional limit, 55,000 Ib. per sq. in.; elongation in 2 in,, 
10 per cent, and reduction of area 15 per cent. 
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In view of these results we feel that the casting difficulties mentioned by Mr. 
Darby have been satisfactorily overcome. 

The authors wish to thank Dr. Smith for directing attention to the diagram of 
_ Hamasumi and Nishigori; however, the fact that the latter used only one hour as 
the time of heating leaves the conclusions somewhat questionable. 

The striated appearance of the beta phase is quite common. It has also been 
’ observed by Stockdale and Carson in their studies on the copper-tin system. Mr. 
Wyman is right in stating that an area showing a large number of grains should be 
shown in order to prove that a certain phase has a striated appearance. Fig. 19 
shows a large number of beta grains and a close examination will show that the dark 
grains are striated and that the directions of the striations change with the grains. 
Unfortunately, the reproduction of this photomicrograph does not show the striations 
in the light colored beta grains as did the original picture. 

We have not intentionally prepared any Widmanstatten structures. However, 
‘there is a possibility that some of the alloys in the composition range mentioned by 
Dr. Mehl do exhibit such structures. 


Occurrence of Irregularities in Lead Cable Sheathing and 
Their Relation to Failures 


By W. H. Basserv, Jr.* AND C. J. SnypER, + Hastrnes-on-Hupson, N. Y. 
(New York Meeting, February, 1933) 


Case sheaths made from common lead have been used to protect 
underground cables since the beginning of the power-cable industry. 
Only within the last few years, however, has a systematic study of the 
production methods and of the causes of failures in cable sheathing been 
undertaken. Recent increases in the use and demands for service made 
upon power cables have emphasized the importance of high-quality cable 
sheaths. It was customary for the users to attribute the cause for their 
sheath failures to the lack of purity of the lead, but this contention has 
not been borne out by field and laboratory inspection of the sheaths. 

During the past two years the writers have had an opportunity to 
examine various types of sheaths that were removed from power cables 
after failure. These samples were obtained from various parts of the 
country and represent, it is supposed, the production of the principal 
cable manufacturers. Aside from corrosion, the common field difficulties 
can be classified either as mechanical or structural, as outlined below, and 
when structural irregularities are found they can all be attributed to 
manufacturing causes and in no way reflect the purity of the lead. 


Classification of Cable Sheath Failures Other Than Corrosive 
MECHANICAL [RREGULARITIES 


A. Splits caused by excessive internal pressure 
B. Injuries such as nail holes, cuts, tears, ete. 
C. Intererystalline cracks caused by vibration 


STRUCTURAL [RREGULARITIES 


A. Splits C. Voids in wall of sheath 
a. Caused by imperfect welds a. Blisters 
B. Holes through sheath b. Laminations 
a. Caused by yellow oxide inelu- D. Questionable structures 
sions in sheath wall a. Prominent flow lines 
b. Blowouts by entrapped gases b. Large areas filled with suboxide 
during manufacture c. Scattered yellow oxide or dirt 


c. Caused by inclusions of dirt and 
other foreign substances 


* Technical Superintendent and Metallurgist, Anaconda Wire & Cable Co. 
} Assistant Metallurgist, Anaconda Wire & Cable Co. 
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After studying such field samples the authors manipulated the opera- 


_ tion of lead presses for extruding cable sheathing in such a way as to 
_ reproduce experimentally the structural irregularities found in the field 


Fig. 1.—SPuLit CABLE SHEATH FROM FIELD. 


samples, thus establishing the cause and supplying operating data for 
preventing or minimizing their occurrence in regular production. 

ILR brand, common desilverized lead, and St. Joe brand, chemical 
lead, were used for experiments. 
The ingots were melted in oil-fired 
kettles of 19,000 and 5000 lb. ca- 
pacity, which is at least eight times 
that of the lead press container. 
Watson Stillman 3000-tonand 1500- 


oe 


Fie. 2. Fig. 3: 


Fic. 2.-ExPERIMENTAL]SHEATH WITH DEFECTIVE WELD EXPANDED 30 PER CENT. 
Fig. 3.— EXPERIMENTAL SHEATH WITH STRONG WELDS EXPANDED 47 PER CENT. 


ton presses were used. In the larger press the water cylinder is 36 in. in 
diameter and the ram 12in. The latter is used to force the lead from the 
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lead container (12 in. dia. by 42 in. deep) into a Watson Stillman die 
block. This block contains a bridge which separates the lead stream 
and causes it to flow around the core (9 in. in diameter). When filled, 
the die block holds a 110-lb. slug. At times a Western Electric type of 
bridgeless block, which eliminates the top die weld in a sheath, was used 
with this press. In the smaller press the diameter of the water cylinder 
is 24 in. and of the ram 8 in. The lead is forced from the lead container 
(8 in. dia. by 18 in. deep) through a Robertson die block using a core 
4154.6 in. in diameter. This block also has a bridge above the core. 
When filled with lead this block holds a 60-lb. slug. 
In Fig. 1 is shown a typical split sheath which was removed in the 

field during installation of the cable. In Fig. 2 is shown an experimental 
sheath made to duplicate the field trouble. In this case the lead container 


Fig. 4.—Poor TOP WELD IN SHEATH SHOWN IN Fia@. 1. X 15. 


was charged with the lead at 650° F. Similar results were obtained 
by using an excessive amount of lubrication on the walls of the container 
on the lead press, and on the lead ram. Fig. 3 shows an experimental 
sheath produced when the lead temperature was 750° F. 

Microscopic examination of the welds in these three samples clearly 
revealed that the lead in the field sample had not united at the top 
longitudinal or radial weld (Fig. 4). The structure of the defective 
experimental sample shows a similar thick irregular weld line at the 
bottom where the split occurred (Fig. 5). In contrast with these appear 
the sharp top weld and well knitted bottom weld of the good experimental 
sample (Fig. 6). Repeated tests on the lead presses show that these 
thick weld lines which result in split sheath can be avoided by maintaining 
the proper temperature in the melting kettle and die block during the 
extruding operations. 

Figs. 7 to 16 inclusive show various other troubles found in the 
sheaths removed from failed cables. The microscopic examination of 
these samples reveals clearly the reasons for their existence. In the case 
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Fie 5.—Poor BOTTOM WELD IN SHEATH SHOWN IN Fig. 2. X 10. 


Fig. 7.—NAIL HOLE THROUGH CABLE SHEATH. 


ae 
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shown in Fig. 7, the cable was injured by a nail and the sectional view 
shows how the contour of the sheath has been disturbed by the force of the 
penetrating nail. Fig. 8 shows a large lump of yellow and red oxide 
embedded in the lead. Fig. 9 shows a seam filled with yellow oxide, on 
the inside surface of a cable sheath, and at one end of the seam the hole 
resulting from failure of the cable. These yellow oxide inclusions are 
nonmetallic in nature, lacking strength, ductility and adhesion to the 
surrounding metal. They dissolve readily, leaving voids when etching 
the lead for grain structure. 


Fie. 8.—LARGE YELLOW OXIDE INCLUSION IN LEAD SHEATH WITH SECTION THROUGH 
INCLUSION ETCHED FOR STRUCTURE, 


Fig. 10 illustrates a small blowout during manufacture and shows how 
the metal has been forced outward by the entrapped gas. In Fig. 11, a 
case is shown in which the are from the cable failure has destroyed the 
direct evidence, if any existed, of the cause of the failure. A micro- 
examination of the adjacent sheath, however, disclosed entrapped dirt, 
the dark raised particles shown in Fig. 12, which were probably respon- 
sible for a hole in the sheath. Fig. 13 shows a typical blister in a sheath. 
Blisters are usually caused by the presence in the lead of dirt and other 
foreign substances which prevent coalescence of various portions of the 
metal when molten. In Fig. 14 is shown the grain structure surrounding 
an experimentally produced blister made by adding floor sweepings to the 
lead container while filling the press. Fig. 15 shows an attempt by the 
user to repair with solder a hole left by the removal of a yellow oxide 
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inclusion. The solder is readily identified as the gray mass at the top 
of the picture. As shown, soldering of defects is unsatisfactory because 
the cavities are seldom filled and failure of the cable finally results. If 


Fig. 9.—YELLOW OXIDE SEAM AND THE HOLE RESULTING FROM CABLE FAILURE WITH 
SECTION THROUGH SEAM ETCHED FOR STRUCTURE. 


the cable is to be repaired, it is recommended that excessive solder be used 


_so that the entire defect and the adjacent sheath can be covered with a 


wipe. The appearance of a cable sheath that failed from mechanical 
vibration and a photomicrograph of a cross-section appear in Fig. 16. 
When a power cable fails, the arcing 
of the conductors sometimes destroys 
the whole sheath at the point of failure, 
so that the definite cause of the trouble 
cannot be determined. In these cases, 
if the lead does not have a uniform 
appearance at the edge of the ‘burn- 
out,” or if bending, twisting or other 
tests show weaknesses in the sheath 
structure, the report of the user usually 
states that the lead was not normal 
and probably contributed to the inter- 
ruption of the line. Microexamination 
of the sheath adjacent to such failures often shows an irregular struc- 
ture, which until recently has been considered questionable, and perhaps 
falsely blamed because it was not fully understood. Typical examples of 
these conditions are shown in Figs. 17 and 18. A laminated oxide streak 


Fig. 10.—SMALL BLOWOUT IN CABLE 
SHEATH. 
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is shown in Fig. 17, which may have caused the cable failure, but the solid 
oxide streak shown in Fig. 18 was not a fault, as was later definitely 
proved. A photomicrograph at a magnification of 50 diameters (Fig. 19) 
clearly illustrates the solidity of this oxide streak. It appears to be 


oe ; Boe 
Fig. 11.—HOo.Le£ IN CABLE SHEATH AFTER FAILURE OF CABLE. 


made up of flakes of gray suboxide interleaved with metal in such a way 
as to be both strong and not brittle. 

In order to duplicate these conditions, four complete charges of lead 
were extruded on both sizes of the lead presses. The lead was heated to 
750° F. and transferred to the lead container through an open trough. 
No attempt was made to prevent it from swirling and splashing as it 


Fra, 12,.—D1rt IN STRUCTURE OF LEAD SHEATH. X 10. 


fell into the lead container. A large amount of foam and dross rose to 
the top of the molten lead and was allowed to remain as the ram was 
brought down on the froth, entrapping it in the container. Pressure 
was applied during the cooling period and then the charge extruded in 
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Fig. 13.—BLISTERED CABLE SHEATH. 


Fig. 14.—SrructTuRE SURROUNDING EXPERIMENTALLY PRODUCED BLISTER. <b 


Fig. 15..—DEFECT IN LEAD SHEATH REPAIRED WITH SOLDER. X (eos 


IRREGULARITIES IN LEAD CABLE SHEATHING 


262 


“HLVa@HS 


a1d#vO GvVaT NI Sswovuo 


GHOSILVA-NOILVYEIA ANITIVISAMOUELN[—'9[ “DIY 


W. H. BASSETT, JR. AND C. J. SNYDER 263 


the regular way, the die block being maintained at a temperature of 
400° F. The 2000-lb. extrusions were examined every 7 ft. and the 300-lb. 


ip comune Fie. 18. 
Fig. 17.—OxiIDE STREAK AND LAMINATIONS IN LEAD SHEATH REMOVED FROM FAILED 


CABLE. 
Fig. 18.—DaARK STREAKS IN LEAD CABLE SHEATH. 


extrusions every 4 ft. throughout their length and in each experiment 
similar results were obtained. The lead pipe extruded during the first 
quarter of the stroke of the ram contained the major structural irregular- 


Fic. 19.—STRUCTURE OF OXIDE STREAK IN SHEATH SHOWN IN Fa. 18. 


ities, while that extruded during the second and third quarters of the 
stroke was quite uniform in structure, and that extruded during the last 
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quarter again showed irregularities near the end of the stroke, but not 
to the extent of the first sheath extruded. The diagrams (Fig. 20) show 
the probable movement of the dross during the cycle of operations. 

The general grain structure of various cross-sections of one of the; 
2000-lb. charges is shown in Figs. 21 to 29. The sections were cut at 
points 14, 21, 28, 35, 49, 77, 149, 217 and 238 ft. (the end), respectively, 
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Vig. 20.—PROBABLE MOVEMENT OF LEAD OXIDE AND DROSS AS INDICATED BY FOLLOWING 
SECTIONS FROM EXTRUSION CYCLE. 


in the sheath as an island separated from the old charge by streaks of 
suboxide which meet at both ends, forming tongue-shaped areas (Fig. 22). 
As the charge progresses, the new lead works nearer to the top and Donen 
of the sheath and the amount of oxide diminishes (Figs. 23, 24 and 25). 
This point marks the extrusion of about one-fifth of the lead charge. The 
flow lines, which now contain practically no oxide, continue to recede 
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in size and prominence until beyond the middle of the cycle they become 
almost indistinguishable (Figs. 26 and 27). After extrusion of about 
seven-eighths of the charge, new streaks of suboxide, commonly called 
‘piping,’ again appear in the structure of the sheath (Figs. 28 and 29). 
These markings are caused by the center of the charge extruding faster 


Fig. 21.—SrrucTURE OF SECTION OF CARELESSLY PREPARED LEAD TUBE 14 FT. FROM 
START OF EXTRUSION CYCLE. 


than the outside of the charge, which takes place in certain designs of 
equipment. Similar piping in the old charge of lead is shown in Fig. 21. 

It has been found by experiment that specially designed equipment 
for handling the molten lead and filling the press container will greatly 
aid in eliminating oxides and other foreign substances from cable sheath- 
ing. Series of pipes were produced under very exacting conditions. 
The melting kettle was charged only with pigs of lead and was carefully 
skimmed. All scrap was melted in a separate kettle, cleaned and cast 
into pigs before using. Further oxidation of the surface was prevented 
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by the use of a reducing agent. The pouring spout at the bottom of the 
kettle was replaced by a clean pipe 2 in. in diameter, so formed that it 
directed the molten lead into the lead container with the minimum 
amount of disturbance and splashing. The container was overfilled 
and the molten metal skimmed clean. No lubrication was used on the 
cylinder walls and only a minimum amount applied to the face of the 


Fig. 22.—STRUCTURE OF SECTION OF CARBLESSLY PREPARED LEAD TUBE 21 FT. FROM 
START OF EXTRUSION CYCLE. 


ram. The ram was quickly brought down on the clean surface of 
the metal and pressure applied during the cooling cycle. The lead 
was transferred to the press at 750° F. and the die-block temperature 
was kept at 400° F. 

This procedure resulted in a much improved product, containing 
practically no oxide, as shown in Figs. 30 to 32. These sections repre- 
sent points corresponding in position to Figs. 22, 23 and 26, respectively. 
A small amount of oxide can be seen in Fig. 30, whereas an almost per- 
fectly uniform structure is revealed in Figs. 31 and 32. 
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The appearance of all specimens described and illustrated herein 
is that obtained when the specimens are hand polished and etched in 
dilute nitric-acetic acid as proposed by the authors.* 


CONCLUSION 


The examination of the field samples and the study of sheath experi- 
mentally prepared under controlled conditions leads to several defi- 
nite conclusions: 


Fie. 25.—STRUCTURE OF SECTION OF CARELESSLY PREPARED LEAD TUBE 49 FT, FROM 
START OF EXTRUSION CYCLE. 


1. That split lead caused by defective welds can be avoided by 
maintaining the proper extrusion temperature, and by avoiding excessive 
lubrication of the lead cylinder. 

2. That the prominent streaks and large areas filled with suboxide 
often found in field samples can be avoided by good foundry practice 
and proper supervision of the melting and extrusion cycles. It is prob- 
ably not possible in a commercial sense to eliminate all suboxide from 
the sheath extruded during the first quarter of each extrusion cycle, but 
that which remains can be reduced to an insignificant amount. 


* Methods of Preparation of Lead and Lead Alloy Cable Sheath for Microscopic 
Examination. Amer, Soc. Test. Mat. (1932) 32, II, 558. 
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3. That defects such as blisters, yellow oxide inclusions, dirt, etc., 
in cable sheath can be entirely eliminated by the separate melting 
of scrap and by using special pouring equipment when filling the 
press container. 


Fig. 26.—STRUCTURE OF SECTION OF CARELESSLY PREPARED LEAD TUBE 77 FT. FROM 
START OF EXTRUSION CYCLE. 
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(Albert J. Phillips presiding) 


E. E. Scuumacuer, New York, N. Y.—Messrs. Bassett and Snyder should be 
complimented for having obtained such excellent macrographs of ring samples of 
eable sheath. These show beautifully the relative positions of charge and seam welds. 
From my own experience, however, I believe that inclusions would have been shown 
to better advantage had the etching been done in a way to make the lead grains stand 


out less prominently. Considering the flow of lead in the press, I wonder if the 
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representation given is correct. Usually the lead alloy in the center of the cylinder 
flows more rapidly than that at the sides. I think the diagram represented the flow 
through the center and along the sides as being the same. 


W. H. Bassert, Jr.—Mr. Schumacher spoke of the other type of etching to bring 
out the irregularities in the lead. We have studied cable sheaths in this manner, and 
the reason we did not show any illustrations of that type was that we wanted to 
bring out the relation of the defect to the crystals in the lead. In Fig. 8 we showed 


Kia. 29.—STRUCTURE OF SECTION OF CARELESSLY PREPARED LEAD TUBB 238 FT. FROM 
START OF EXTRUSION CYCLE (THE END). 


the yellow oxide before the sample had been etched. That had to be done because 
when the etching solution came in contact with the yellow oxide, it immediately 
dissolved the material. 

The diagrams of Fig. 20, showing the flow of lead in the press, were made to illus- 
trate the conditions of the samples that were examined throughout the charge. The 
lead does flow more rapidly in the center of the lead container, but is divided and 
somewhat retarded by the bridge. The new charge carrying with it the suboxide 
forces its way down through the middle of the cavities in each side of the die block. 
This action is clearly brought out by the islands formed by the new charge, which are 
surrounded by the old lead, showing that the lead actually does flow more rapidly 
through the center. 
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Fig. 30.—SrRUcTURE OF SECTION OF CAREFULLY PREPARED LEAD TUBE 21 FT, FROM 
START OF EXTRUSION CYCLE. 
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Fig. 31.—SrrRucTURE OF SECTION OF CAREFULLY PREPARED LEAD TUBE 28 FT. FROM 
START OF EXTRUSION CYCLE. 
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Fig. 32.—STRUCTURE OF SECTION OF CAREFULLY PREPARED LEAD TUBE 77 FT. FROM 
START OF EXTRUSION CYCLE. 


The Role of the Platinum Metals in Dental Alloys, I1I.—The 
Influence of Platinum and Palladium and Heat Treatment 
upon the Microstructure and Constitution of 
Basic Alloys 


By E. M. Wise* anv J. T. Easu,t Bayonne, N. J. 


(New York Meeting, Febuary, 1933) 


In a previous communication! the improvement in strength, harden- 
ability and color, occasioned by replacing gold in a typical gold-silver- 
copper alloy by various amounts of platinum, or palladium, was discussed. 
In the present paper the results of further studies upon. the constitution 
and the nature of the hardening transformation in these alloys are pre- 
sented. This research may be summarized as follows: 

1. The liquidus and solidus have been determined for the alloys of the 
palladium and platinum series. Cooling curves were utilized for deter- 
mining the liquidus of the palladium alloys but this method proved 
unsuitable for the platinum alloys so that a novel quenching method was 
utilized for the latter. Both the liquidus and solidus of the palladium 
alloys increase steadily with the palladium content. The liquidus of the 
platinum alloys increases rapidly with the platinum content, while the 
solidus temperature increases with the platinum content up to about 14 
atomic per cent platinum, but suffers no further increase with additional 
increments of platinum up to 20 atomic per cent at least, owing to a 
peritectic reaction. 

2. Palladium, and even more effectively platinum, reduces the rate of 
grain growth. Owing to this fact and to the increase in the solidus tem- 
perature, ‘overheating’ does little or no damage to alloys containing 
reasonable quantities of these elements. This is confirmed both by 
tensile tests and metallographic examination. 

3. The excess phase present in one of the high-platinum-content alloys 
has been isolated and chemically analyzed and was found to consist almost 
wholly of platinum, gold, and copper, evidently derived from the com- 
pound AuCu, by the partial replacement of gold by platinum. 

4. The variation in the solubility of this platinum-content phase in the 
alpha solid solution with the temperature has been determined. This 


* Research Metallurgist, The International Nickel Co. 
} Metallurgist, The International Nickel Co. 
1K. M. Wise, W. 8. Crowell and J. T. Eash: The Role of the Platinum Metals 
in Dental Alloys, I and II. Trans. A.I.M.E. (1932) 99, 363. 
276 


E. M:° WISE “AND J. T. BASH ~- 19 77277 277 


change in solubility is responsible for the marked age-hardening exhibited 
by the platinum-containing alloys. 

5. The domain of the phases responsible for the hardening of the 
palladium-content alloys has been determined by dilatometric, X-ray, 
and metallographic methods. 

6. Metallographic studies have been made of the platinum and 
palladium-content alloys after a variety of heat treatments. The 


TaBLeE 1.—Wrought Precious-metal Wires 


‘Alloy No. 96 | 97 | 98 | 99 100 101 102 103 104 105 106 


Aromic PER CENT 


126 eos geiee 5 10 15 20 25 30 Pt 5 10 15 20 
IN Weve Chaney 50 45 40 35 30 25 20 Au | 45 40 35 30 
SAO otapeltos «is 20 20 20 20 20 20 20 Ag 20 20 20 20 
(CUBA se pos ¢ 29 29 29 29 29 29 29 Cu 429 29 29 29 
Zn 1 1 1 1 1 1 1 Zn 1 1 1 1 


120 Le epoe oe 4.0 8.2) 12.7 | 17.6) 22.9 | 28.6 Pt 7.0 | 14.0 | 21.1 | 28.1 
Ge oo paemte 70.8 | 65.8 | 60.6 | 55.0 | 49.0 | 42.3 | 35.2 Au | 63.8 | 56.7 | 49.6 | 42.6 
LM egies ae 15.5) 16-0) | 16.6) 1722) 17,8) | 18.5, | 19,2 Ag 15.5 | 15.5 | 15.5 | 15.5 
Curette wee ise2liser i i4edy, 146) 15.0 [ 16275) 16.4 Cu 13.2 |613.13))|) L823) 1373 
VATS os Soe 0.5 0.5 0.5 0.5 0.5 0.6 0.6 Zn 0.5 0.5 0.5 0.5 


hardened gold and palladium-content alloys exhibit the Widmanstitten 
type of structure, while the platinum-content alloys usually show a 
troostitic appearance, although the latter may also be made to develop 
the Widmanstitten structure by special heat treatments. 

7, X-ray diffraction studies have indicated that the gold and palla- 
dium-content alloys quenched from temperatures within the alpha solid 
solution range previous to aging contain only a face-centered cubic phase. 
The age-hardening treatment caused the complete conversion of the 50 
atomic per cent gold alloy into the face-centered tetragonal form. This 
phenomenon is.similar to the formation of martensite in freshly quenched 
steel and is unlike the phasial changes occurring in the ordinary age- 
hardening alloys where a small amount of a second phase is precipitated. 
The palladium-content alloys containing less than 25 atomic per cent 
palladium, which were aged at low temperatures, circa 300° C. for 
15 min., contain the face-centered tetragonal phase plus the face-centered 
cubic phase, while those aged at higher temperatures—in the neighbor- 
hood of 450° C.—contain a body-centered tetragonal phase in addition to 
the two phases previously noted. The 25 atomic per cent palladium 
alloy, aged at 450° C. for 15 min., differs from those containing less palla- 
dium in that it contains the body-centered tetragonal phase and two face- 
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centered cubic phases. Upon further aging for 4 hr. at 400° C., one of 
the cubic phases changed to a face-centered tetragonal phase. 
The high-platinum-content alloys likewise contain a face-centered 


1190° C.|; 


1175° C. |Past 


950° C. (Bere 


940° C, 


Fia. 1.—MuicrostrucTruRrEs 
OFA 15 ATOMIC PERCENT PLATINUM 
ALLOY AFTER QUENCHING AT 940°, 
950°, 1175° and 1190°C. x 125. 


tetragonal phase and a face-centered cubic 
phase. The tetragonal phase is evidently 
derived from AuCu by the replacement of 
a portion of the gold by platinum, as was 
noted in connection with the chemical 
analysis of this phase. 

8. The age-hardening of the alloy con- 
taining neither platinum nor palladium is 
due to the formation of a face-centered 
tetragonal phase. The alloys containing 
up to 25 atomic per cent palladium are 
hardened by the rather general transforma- 
tion of the initially soft alpha solid solution 
into two new and probably rather distorted 
phases; namely, a face-centered tetragonal 
phase and a body-centered tetragonal phase. 
The latter may be regarded as a slightly dis- 
torted form of the normally body-centered 
cubic phase PdCu. The platinum-content 
alloys are hardened by the precipitation 
of a face-centered tetragonal phase. A 
detailed exposition of the complex processes 
involved in age-hardening has been given 
by Merica.? 


EXPERIMENTAL MertruHops AND Data 


Alloys Studied—Compositions of the 
alloys studied are indicated in Table 1, the 
samples being identical with those described 
in the previous paper. They were available 
in the form of 0.040-in. wire. 

Determination of the Liquidus—Cool- 
ing curves were run on all of the alloys, 
using melts of 45 grams each. A Pt-PtRh 
thermocouple protected by a very thin- 
walled protection tube was used in all cases. 


The melting was done in a hydrogen atmosphere, and the usual inverse 
rate curves were plotted. This procedure was entirely satisfactory for 
the gold and palladium alloys, but was quite unsuitable for the alloys con- 
taining 10 or more atomic per cent of platinum, because the liquidus arrest 


2 P. D. Merica: The Age-hardening of Metals. Trans. A.I.M.E. (1932) 99, 13. 
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was ill defined and practically absent in the alloys containing either 15 or 
20 atomic per cent of platinum, although the arrest due to the peritectic 
reaction was very evident. Satisfactory results were obtained with the 
latter alloys by melting 1 to 2-gram samples in a small closed-end quartz 
tube in a hydrogen atmosphere. These melts were held at chosen tem- 
peratures for 10 min., and were then water-quenched. The resulting 
bead was ground, polished and etched. Examination at 250 dia. was 
sufficient to indicate whether the alloy was wholly or only partly molten 
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Fig. 2.—CoNnsTITUTIONAL DIAGRAMS OF THE PLATINUM AND PALLADIUM-CONTENT 
ALLOYS, 


at the time of quenching. Fig. 1 shows the appearance of alloys contain- 
ing 15 atomic per cent of platinum quenched from temperatures slightly 
below the solidus, between the liquidus and solidus and above the liquidus. 
The alloy quenched from 1190° C. was entirely liquid at the time of 
quenching, while the one quenched at 1175° C. contained some unmelted 
solid. These large unmelted crystals are the platinum-rich phase, which 
is denser than the liquid, hence they tend to settle to the lower portion 
of the melt if held at temperatures within the semi-solid region. It is 
probable that this behavior is responsible for some of the difficulties 
erouped under the classification of “ segregation,” which producers of these 
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alloys have encountered and which appear to be due to attempts to cast 
such alloys below their real and hitherto unknown liquidus temperature, 
an error that might readily occur owing to the mobility of these alloys at 


900 Melted 


lo) 
= 
S 


Quenching Temperature, Deg. C. 


700 | 


600 


Atomic Per Cent Platinum 
Fic. 3.—Mrcrostrucrures or QUENCHED PLATINUM-CONTENT ALLOYS. > 500. 


temperatures appreciably below the true liquidus. The results of these 
experiments are indicated in Fig. 2. 

Determination of the Solidus.—The solidus temperatures were obtained 
by quenching small samples at a suitable series of temperatures and sub- 
jecting them to metallographic examination at about 1000 dia. These 
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results are embodied in Fig. 2. In spite of the fact that. the rate of rise of 
the liquidus with the platinum metal content (on an atomic percentage 
basis) is almost three times as high for the platinum-content alloys as for 


Atomic Per Cent Platinum 
Fia. 3. Continued 


the palladium-content alloys, the initial rate of rise of the solidus is almost 
the same for both. The increase in solidus temperature of the platinum- 
content alloys ceases at about 14 atomic per cent platinum, because of 
the occurrence of a peritectic reaction at 948°C. The solidus of the 
palladium-content alloys continues to rise throughout the range studied, 
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and doubtless continues to the melting point of a 50 atomic per cent 
palladium alloy. 

Microstructures of the Quenched Alloys——Samples of the alloys of the 
platinum series 0.040 in. in diameter were annealed for 5 min. at tempera- 
tures ranging from 600° to 900° C., and were water-quenched. Owing 
‘to the extremely small grain size of the samples containing reasonable 
quantities of platinum, a magnification of 1000 was utilized in preparing 
the original photomicrographs shown in Fig. 3. The amount of excess 
phase, theta, increases with the 
platinum content and decreases Se eiee 
with an increase in quenching tem- 
perature. The grain size, likewise, eres 
decreases markedly with an in- ple 
crease in platinum content. The 
presence of even traces of the excess 
platinum-rich phase, theta, seems 
to be extremely effective in restrain- 


Quenched and 
Aged 15 nin. 
wv at 400 °C 
Q | 
/20000 


ing grain growth. s 
The influence of palladium upon = 
the microstructure of the quenched s 
alloys is shown in Fig. 4. These ae | 


Quenched —~_ 


alloys, when quenched from 700° C., 


8 Percent Elongation in 8 inches 


exhibit only a single phase up to es 

30 atomic per cent palladium, at N 

least, and the grain size decreases S ey 
with an increase in the palladium Leama 


content, although this effect is less 
marked than in alloys containing 
platinum. 10 

Effect of High Annealing Tem- 

perature Upon the Properties of the5 5 
Atomic Per Cent Platinum Alloy.— 600 700 800 900 
The tensile properties of the alloy Temperature °C 
ays . Fia. 5.—Hrrecr OF QUENCHING TEM- 
containing 5 atomic per cent PERATURE ON THE PROPERTIES OF A 
platinum as afunction of quenching QUENCHED, AND QUENCHED AND AGED, 5 
temperature are shown in Fig. 5. ATOMIC PER CENT PLATINUM ALLOY. 
The microstructures of the quenched alloy correspond to those shown 
in Fig. 3. Little damage to properties results until the quenching 
temperature exceeds the solidus and some melting occurs; that is, until 
a quenching temperature of about 895° C. is approached. 

Fig. 1 shows that in the 15 atomic per cent platinum alloy an exceed- 
ingly fine grain size is maintained up to the solidus temperature. This 
behavior is responsible for the maintenance of the high physical properties 
until a small amount of melting has occurred. 
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Excess Phase in the High-platinum-content Alloys.—As was noted 
above, the quenched high-platinum-content alloys usually exhibit a 
duplex structure, consisting of the ductile alpha phase and the platinum- 
content phase that we shall call theta. At a constant temperature, the 
amount of the theta phase increases with the platinum content. It was 
thought desirable to isolate and analyze this phase. A sample containing 
15 atomic per cent platinum, which had been annealed at 700° C. for 
5 min., was selected and was electrolyzed as anode in a 10 per cent KCN 
solution. By proceeding cautiously toward the end of the electrolysis and 


450° C. 


300° C. 


Atomic Per Cent Palladium 


Fig. 6.—MicrostRuUCTURES OF PALLADIUM-CONTENT ALLOYS ANNEALED AT 300° AND 
° 
450° C. ror 624 AnD 100 HR., RESPECTIVELY, AND QUENCHED. X 125. 


stopping the process while a small amount of unattacked core remained, 
it was found possible to isolate a gossamerlike “rope” in quantities suffi- 
cient for analysis. As in other residue methods, there is the possibility 
that some slight amount of attack upon the desired residual phase 
occurred during the process of separation and, in fact, it was found that if 
the electrolysis was continued after the core was wholly dissolved a 
brownish solution product resulted and the “‘rope”’ tended to disintegrate. 
The weights and analyses of the resulting products are given in Table 2. 
These results correspond closely to a phase, or compound, having the 
formula AuPt,Cu;. It appears that this phase is derived from the com- 
pound AuCu by the partial replacement of gold by platinum, but probably 
varies in composition with the temperature and composition of the alloy. 
This is compatible with the results of the X-ray studies discussed later in 
this communication. 
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Variation in Solubility of High-platinum-content Phase, Theta, with Tem- 
perature—In the alloys studied, the atomic percentage of gold and 
platinum was equal to 50 atomic per cent in all cases, and thus a deter- 
mination of the thermal domain of homogeneous alloys as a function of 
the platinum content is fundamental to the design of alloys exhibiting the 
maximum efficiency in the utilization of platinum for producing the most 
effective combination of properties. 

Samples were heated in vacuo at temperatures ranging from 600° to 
850° C. for 6 hr., and were quenched and examined at 1000 dia. The 


20 25 30 
Atomic Per Cent Palladium 
Fia. 6. Continued 


TABLE 2.—Weights and Analyses of Products of Electrolysis 
Sample anode in 10 per cent KON solution: 15 atomic per cent Pt, annealed at 
700° CG. for 5 min. and quenched; total weight, 

5.2495 grams 


Pt Au Ag Cu 

Weight per cent in residue......--..-+--+s+++++ 50.23 25.74) 2.76 p22 
Atomic per cent in residue......---+++++eee00++ 34.43 17.45 | 3.42 | 44.70 
Weight per cent in sample..........--++ss+++00> PAA A064) Loo) lel3e3 | 
Games sample... 2. ss0-ce ena eee 1.1176] 2.607) 0.813) 0.698, 
Grams in residUe...<..¢.<-0.eee cee settee eee 0.3256| 0.167; 0.018) 0.138 
Grams in alpha solid solution......---++++++++- 0.7920| 2.440) 0.795) 0.560 
Weight per cent in alpha solid SMUTAAOMlE obo nh ame 17.26 58.18 | 17.34 | 12.22 
Atomic per cent in alpha solid SoluplOonine en aces 12.48 37.90 | 22.62 | 27.05 
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samples heated at or below 450° C. were held from 100 to 624 hr. and then 
quenched. ‘The solid solubility so determined is indicated in Fig. 2. The 
solubility of the platinum-content phase theta increases markedly with 


Fic. 7.—A 25 aToMIC PER CENT PALLADIUM ALLOY ANNEALED 100 ur. AT 450° C. AND 


QUENCHED. 


Fie. 8.—DinatomMEteEr. 


x 1000. 


the temperature, and the alpha solid 
solution contains about 14 atomic 
per cent of platinum at the max- 
imum solidus temperature (948° C.). 

Determination of Domain of 
Palladium-containing Phases.— 
Samples of the palladium-content 
alloys were annealed at tempera- 
tures ranging from 300° to 665° C. 
Those at 300° and 450° C. were 
annealed 624 and 100 hr., respec- 
tively, while those at higher tem- 
peratures were annealed 25 hr, All 
were water-quenched. The sam- 
ples employed had been previously 
annealed at either 600° or 700° C., 
and were subsequently strained to 
accelerate the attainment of equi- 
librium at the low temperatures. 
The microstructures of a few of 


these samples are shown in Fig. 6. 


At 300° C. the gold alloy contained alpha and a second phase, which has 
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Fig. 9.—TyYPICAL CURVES OBTAINED IN THE DILATOMETRIC ANALYSIS. 


Minor 
Transformation 


600 - 


500 


za 
S 
°o 


G 
[s) 
° 


Temperature °C 


8 


aieean 


@ Expansion 
© Contraction 
/00 
Heating Cooling 
(6) 
/0 20 30 


o /0 20 30 ts) 
Atomic Percent Pa/sladium 


Fic. 10.—D1aGRAM OF THE DIMENSIONAL CHANGES OBSERVED BY DILATOMETRIC 
ANALYSIS. 
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been designated as theta. The latter had the same crystal form as the _ 
theta phase in the platinum-content alloys. The amount of theta — 
decreased as the palladium increased from 5 to 25 atomic per cent. ings 
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Fig. 11.—MicrostructurEs OF PLATINUM AND PALLADIUM-CONTENT ALLOYS 


AFTER THEIR OPTIMUM AGING TREATMENT AND THE 450° To 250° C. sLow COOL TREAT- 
MENT. 


spite of the fact that the microscope disclosed the presence of but two 
phases in the alloys containing from 10 to 20 atomic per cent palladium and 
only one phase in the 25 atomic per cent palladium alloy, X-ray analysis 
indicated that they contained alpha + theta + a second new phase, which 
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has been designated as kappa. The 30 atomic per cent alloy contained 
a finely divided mixture of alpha and a third new phase designated as 
lambda, the latter being identified by X-ray analysis. 


Atomic Per Cent 
Platinum Metal 


Fig. 11. Continued 


At 450° C. the 0 atomic per cent palladium-content alloy consisted 
entirely of alpha. With the addition of palladium up to 25 atomic per 
cent, microscopic and X-ray analyses showed the occurrence of the same 
phases as at 300° C.; namely, alpha + theta + kappa. The 30 atomic 
per cent palladium alloy contained alpha + lambda. Fig. 7 shows the 
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appearance of the 25 atomic per cent palladium alloy quenched from 
450° C. at a magnification of 1000 dia. The matrix of this alloy has a 
microstructure similar to a 50 atomic per cent gold gold-copper alloy 
studied by Haughton and Payne.* Their alloy was quenched at 400° C., 
i. e., within the AuCu region. 

At 515° C. the matrix of the alloys within the ternary field had a 
structure similar to the matrix of the alloy shown in Fig. 7. This must be 
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Fira. 12.—MIcROSTRUCTURES OF PLATINUM AND PALLADIUM ALLOYS AFTER COOLING 
FRoM 800° or 900° C. TO ROOM TEMPERATURE IN 105 HOURS. 


alpha + theta. The kappa phase occurred as a clear globular constituent 
around the grains. The 30 atomic per cent palladium alloy contained 
alpha + globular lambda. 

The alloys quenched at higher temperatures within the alpha + 
lambda field contained clear etching alpha (free from Widmanstitten 
markings) and globular lambda. 

Dilatometric Studies on Palladium-content Alloys.—Owing to the shape 
of the solid-solid transformation, as inferred from the hardening results 
previously reported, and to the nature of the transformation, it was 
thought that these changes could best be followed by dilatometric 
methods. A suitable device (Fig. 8) was constructed to follow the length 


’J. L. Haughton and R. J. M. Payne: Transformations in Gold-Copper Alloys. 
Jnl. Inst. Metals (19381) 46, 457. 
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changes in small wire samples and was arranged so that the test wire was 
maintained under moderate tension during the thermal cycle. 

Typical curves obtained with this apparatus are shown in Fig.9. The 
heating rate employed was about 6° C. per minute, and the cooling rate 
4° C. per minute. The samples employed were originally annealed for 
4 hr. at either 800° or 900° C., depending upon the platinum-metal 
content, and were then slowly cooled to room temperature in 105 hours. 
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Fra. 12. Continued 


The results of these measurements are given in Fig. 10. It should be 
noted that the upper limits of the mixed fields are given for both heating 
and cooling. Owing to the marked hysteresis in the transformations, it 
seemed desirable to indicate them separately, so as to show the results 
that would be expected from various thermal cycles. 

In order to determine which of the dimensional disturbances, observed 
on cooling, was associated with the hardening transformation, three sets 
of samples were annealed at 675° C. One set was quenched at 675° C., 
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and the other two were cooled at the rate of 4° C. per minute, the same 
rate employed in the dilatometric work. A second set of alloys was 
quenched at 475° C., while the third was cooled to 330° C. and quenched. 
Hardness measurements were made on all of the samples, and it was found 
that while a very slight increase in hardness occurred on cooling from 
675° to 475° C., the major increase in hardness was associated with the 
lower dimensional change. 

The domains of the palladium-containing phases shown in Fig. 2 have 
been determined from the combined results of the microscopic, dilato- 
metric and X-ray analyses. The ternary field alpha + theta + kappa is 
undoubtedly due to the overlapping of two basic transformations, one 
based upon AuCu and the other PdCu. ‘The reasons for this interpreta- 
tion are: (1) Only the alpha and theta phases, the latter being derived 
from the face-centered tetragonal phase AuCu, occurred in the alloy con- 
taining 0 atomic per cent palladium; (2) the lambda phase, which is based 
upon the body-centered cubic phase PdCu, and the alpha phase were 
present in the 30 atomic per cent palladium alloy; and (3) the alloys con- 
taining from 10 to 25 atomic per cent palladium contained the three 
phases, alpha + theta + kappa, which is body-centered tetragonal, or 
simply a body-centered cubic cell with one shortened side. 

The lower limit of the alpha solid solution was determined by both 
dilatometric and microscopic analyses. The line at the left of the alpha 
+ theta + kappa field was drawn to indicate the probable location of the 
boundary between the alpha + theta and alpha + theta + kappa fields, 
since no evidence of the presence of the kappa phase was observed in the 
X-ray diffraction patterns of the 0 and 5atomic per cent palladium alloys. 
The boundary at the right of the alpha + theta + kappa field was 
determined by X-ray analysis. 

Structures of the Age-hardened Alloys —The microstructures of the 
alloys of the platinum series, after quenching from 900° C. (except for the 
alloys containing 0 and 5 atomic per cent platinum, which were quenched 
from 800° C.) and aging for 15 min. at a temperature producing the maxi- 
mum strength in each alloy, and after annealing at 700° C. and applying 
the 450° to 250° slow cool treatment, are shown in Fig. 11. The presence 
of reasonable quantities of platinum causes the precipitate to assume a 
troostitic appearance, while the platinum-free alloy aged at the tempera- 
ture producing the maximum strength (300° C. for 15 min. aging) shows 
little change in microstructure from that of the quenched sample. By 
increasing the aging temperature to 350° C. a rather faint Widmanstatten 
type of structure developed in this alloy. The palladium-content alloys 
exhibit the latter type of structure when aged at the temperature produc- 
ing the maximum strength and after the 450° to 250° C. slow cool. Typi- 
cal structures assumed by these alloys are shown in Fig. 11. 
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Samples of 0 and 5 atomic per cent platinum and 5 atomic per cent 
palladium were annealed for 4 hr. at 800° C., while the alloys containing 
larger amounts of platinum or palladium were annealed for 4 hr. at 900° C. 
All samples were cooled very slowly to room temperature, the cooling 
requiring about 105 hr. The structures resulting are shown in Fig. 12. 
It should be noted in consulting this plate that the initial magnification 
employed was 1000 dia. for the platinum alloys and 250 dia. for the 
palladium alloys. 


X-Ray Studies Concerning the Constitution of the Alloys 


Equilibrium Phases of the Palladium-content Alloys.—The diffraction 
spectra of the alloys containing up to 25 atomic per cent palladium, 
quenched from the alpha field—that is, from temperatures above 370° to 
700° C., depending upon the palladium content—indicate that the alloys 
are wholly of the face-centered cubic type designated as alpha and charac- 
terized by a lattice constant ranging between 3.96 and 3.89A. The lattice 
constant diminished with an increase in palladium content, as would be 
expected from the difference between the lattice constant of gold (4.074) 
and that of palladium (3.90A). 

The alloys containing between 10 and 25 atomic per cent of palladium 
annealed at 450° C. for 100 hr. were found to contain three phases; 
namely, a face-centered cubic (alpha), a face-centered tetragonal, desig- 
nated as theta, with an axial ratio of 0.92, and a body-centered tetragonal, 
termed kappa, with an axial ratio of 0.96-0.98. After annealing at 300° C. 
for 624 hr. and quenching, the alloys containing 0 and 5 atomic per cent 
palladium contained only the face-centered cubic (alpha), and face- 
centered tetragonal (theta) phases. The diffraction patterns from the 
alloys containing from 10 to 25 atomic per cent of palladium, after heating 
at 300° C. for 624 hr. and quenching, were not well defined, but it appears 
that these three alloys contain the same phases as at 450° C.; namely, 
face-centered cubic (alpha), face-centered tetragonal (theta) and body- 
centered tetragonal (kappa). The alloy containing 30 atomic per cent 
palladium, after being heated at either 450° or 300° C., contained the 
face-centered cubic (alpha) and a new body-centered cubic phase 
(lambda). 

The lattice dimension of the alpha phase present in the polyphase 
region is, in general, larger than that of the same phase in the region where 
alpha is the sole constituent due to the change in the composition of the 
residual alpha as the result of the formation of the new phases. 

At 450° C. the a dimension of the face-centered tetragonal cell was 
about the same size as the parent alpha cell, except in the case of the 25 
atomie per cent palladium alloy, which was much larger. The axial ratio 
of the body-centered tetragonal phase varied from 0.96 to 1.0 between 10 
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and 30 atomic per cent palladium. The a dimension decreased from 3.43 
to 3.01A, the latter being almost identical with that of PdCu, 2.994, 
determined by Johannson and Linde.t This presence of the body- 
centered tetragonal phase in the alloys containing 10 and 15 atomic per 
cent of palladium is inferred from the presence of faint lines in the diffrac- 
tion patterns. The 25 and 30 atomic per cent palladium alloys gave 
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Fia. 13.—LATTICE DIMENSIONS OF THE HEAT-TREATED PALLADIUM-CONTENT ALLOYS, 


patterns in which lines corresponding to the body-centered phases are 
quite strong. These relationships are shown in Fig. 13. 

Equilibrium Phases of the Platinum-content Alloys.—The 10 atomic per 
cent platinum alloy, quenched from 900° C., contained only a face- 
centered cubic alpha phase with a lattice parameter of 3.97A. This con- 
stant computed from the theoretical density of the alloy was 3.98A. 

The 20 atomic per cent platinum alloy quenched from 900° C. was 
found to contain both the alpha face-centered cubic phase and a face- 


* Johannson and Linde: Réntgenographic Determination of the Atomic Arrange- 
ment of AuCu and PdCu. Ann d. Phys. (1925) 78, 439. 
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centered tetragonal phase, theta, with a c/a axial ratio of 0.98. It can 
be seen that this new phase is very close to being cubic. The presence 
of two phases in this alloy is entirely in accord with the results of the 
metallographic examination. 

Upon cooling these alloys to room temperature, the tetragonal theta 
phase appeared in the 10 atomic per cent platinum alloy, and an increase 
in the amount of this phase was observed in the 20 atomic per cent 
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Fra. 14.—LATTICE DIMENSIONS OF THE HEAT-TREATED PLATINUM-CONTENT ALLOYS, 


platinum alloy. Associated with this change in the quantities of the 
phases present were changes in the cell dimensions. The face-centered 
cubic cell, alpha, increased in size in both alloys, and in the 20 atomic per 
cent platinum alloy the axial ratio c/a of the tetragonal phase theta 
decreased from 0.98 to 0.90 and the a dimension also decreased. These 
changes in the two phases are in accord with other observed facts, for as 
the solubility of the high platinum-content phase, theta, in the alpha 
decreased, the latter should become richer in gold and silver. (The 
analysis of the theta phase, given previously, showed it to contain very 
little silver.) This would cause an increase in the size of the cubic 


We 
i. 


996 THE ROLE OF THE PLATINUM METALS IN DENTAL ALLOYS, III 


cell since gold, silver, and platinum have lattice parameters of 4.07, 
4.08, and 3.934, respectively. By the same reasoning, the size of the 
platinum-content phase would be expected to decrease as the platinum 
content increased. 

After annealing | ‘the 10 and 20 atomic per cent platinum alloys for 
100 hr. at 450°, C., an alpha phase with a lattice parameter of 4. 06A and a 
face-centered tetragonal phase with a 
lattice parameter of 3.96A were present. 
This would indicate a high gold or silver 
content in the alpha phase resulting from 
the withdrawal of the copper. 

The results on the platinum alloys 
are given in Fig. 14. 

Phases Present in the Aged Palladium- 
content Alloys——The structures of the 
phases present in the gold and palladium- 
content alloys, after being annealed at 
700° C. for 5 min., quenched and aged 
15 min. at their optimum aging temper- 
atures (7.e., the temperature producing 
the maximum strength) are given in Fig. 
15. The ultimate strengths resulting 
from the same treatment are also given. 
It should be noted that the sample con- 
taining neither platinum nor palladium 
is the only alloy studied that changed 
completely from a cubic structure to a 
tetragonal structure uponaging. Theld 
atomic per cent. palladium alloy aged at 
300° C., the lowest temperature at which 

Palladium an appreciable increase in strength 
Atomic Percent occurred, contained a face-centered cubic 
ee ee ee ae and a face-centered tetragonal phase. 
LADIUM ALLOYS AFTER BEING AGED No change from the as-quenched struc- 
eta peer PRODUCING ture was observed in the 25 atomic per 
cent palladium alloy aged at 300° C. 
Upon aging at the optimum temperature, 450° C., the alloys containing 
15 and 25 atomic per cent palladium were found to contain three phases: 
The first contained face-centered cubic + face-centered tetragonal + 
body-centered tetragonal phases, and the latter contained two face- 
centered cubic phases + a body-centered tetragonal phase. This checks 
admirably the deductions made in our previous study of the strength 
versus aging temperature in these alloys, which strongly suggested that 
two distinct phasial reactions were involved in the age-hardening 
transformations. 
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The changes in crystal structure and ultimate strength that occurred 
in a previously annealed 25 atomic per cent palladium alloy as the result 
of aging for 15 min. at temperatures from 300° to 500° C., are shown in 
Fig. 16. No change from the quenched state occurred at 300° C. At 
aging temperatures of 400° C., and above, a body-centered tetragonal 
phase developed and a new face-centered cubic phase possessing cell 
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Fig. 16.—CHANGES IN LATTICE DIMENSIONS AND ULTIMATE STRENGTH OF A 25 
ATOMIC PER CENT PALLADIUM ALLOY AFTER BEING QUENCHED FROM 700° C. AND AGED 
AT VARIOUS TEMPERATURES FOR 15 MINUTES. 


dimension differing from that of the residual parent solid solution made its 
appearance. Upon aging this alloy for a longer period of time at 400° C., 
the lattice dimensions varied as indicated in Fig. 17. After aging for 
1 hr. the lattice constants of all three phases decreased from the values 
existing after 15 min. aging. After aging for 4 hr. the cell dimensions of 
the parent solid solution and the body-centered tetragonal phases con- 
tinued to decrease; however, the new face-centered cubic phase that was 
observed in the sample aged for 1 hr. had been converted to a face- 
centered tetragonal form. This demonstrates that the face-centered 
tetragonal phase that formed in the palladium-content alloys is the more 
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stable phase, and that the face-centered cubic phase was merely a 
transition phase. _ 

Phases Present in the Aged Platinum-content Alloys.—The 10 atomic 
per cent platinum alloy annealed 5 min. at 700° C., quenched, and aged 
15 min. at 500° C., contained the same phases as were present in a 
10 atomic per cent platinum-content alloy that had been annealed at 
450° C. for 100 hr. and then quenched; namely, a face-centered cubic phase 
and a face-centered tetragonal phase. 
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Fig. 17.—CHANGES IN LATTICE DIMENSIONS AND ULTIMATE STRENGTH OF A 25 
ATOMIC PER CENT PALLADIUM ALLOY AFTER BEING QUENCHED FROM 700° C., AND AGED 
AT 400° C. FOR VARIOUS PERIODS OF TIMR. 


In the foregoing discussion of the aging of both the palladium and 
platinum alloys, very little has been said of the part played by silver. 
This metal is usually present in dental alloys in moderate amounts, and 
not only serves to reduce the cost of the alloy but also markedly improves 
the response to age-hardening. This is not only true for the alloys having 
an AuCu base but also those based upon PdCu. Due to the nearly equal 
lattice constants of Ag and Au, little information regarding the partition 
of silver between the various phases could be obtained from the X-ray 
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data, except possibly in the case of the alpha phase of the low-temperature 
annealed platinum-content alloys. 


OUTLINE oF MretHop EMPLOYED IN DETERMINING 
CRYSTALLOGRAPHIC DATA FROM X-RAY DiFFRACTION DaTA 


The method employed in determining the crystallographic habit of the 
phases from their diffraction patterns was identical with that described 
by Hull and Davey® and need not be discussed in detail at this time. It 
was thought, however, that a brief discussion of the ‘‘superstructure”’ or 
‘“‘uberstructure”’ lines and the presentation of typical calculations from 
two diffraction patterns would be of interest. 

‘‘Superstructure”’ lines are due to the periodic arrangements of like 
atoms, and are observed in phases existing in the ‘‘ordered”’ state. In the 
alloys studied these phases were the face-centered tetragonal and body- 
centered cubic. In the face-centered tetragonal phase, ‘‘superstructure”’ 
lines were observed for the 110, 201, 112, 221, 310, 203, 312, and 401 
planes. The body-centered cubic phase ‘‘superstructure”’ lines were 
observed for the 001, 111, and 021 planes. These ‘‘superstructure”’ lines 
resulted from the same planes observed by Johannson and Linde in their 
work on AuCu and PdCu, respectively. 

Typical calculations based on X-ray diffraction data are given in 
Tables 3 and 4. Table 2 shows the calculations relating to a 30 atomic 
per cent palladium alloy annealed 624 hr. at 300° C. and quenched, while 
Table 3 shows the calculations for a 10 atomic per cent platinum alloy 
annealed 100 hr. at 450° C. and quenched. 

A complete outline of the X-ray results obtained from all of the alloys 
studied is given in Table 4. 
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APPENDIX.—Mernop Utinizep IN PREPARATION OF 
SAMPLES FOR MerraLLoGRAPHIC EXAMINATION 


The following method was employed in the preparation of the samples 
used for the preceding photomicrographs and is presented in the hope that 


* Hull and Davey: Graphical Determination of Hexagonal and Tetragonal Crystal 
Structures from X-ray Data. Phys. Rev. (1921) 17, 549-570. 
6 Reference of footnote 4. 
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it may prove of value to others engaged in the study of precious-metal 
alloys, in view of the fact that it is both rapid and effective. 

The specimens were mounted in ‘“‘hard” DeKhotinsky cement by 
carefully heating the cement with a hot iron, being careful not to heat it 
excessively, and allowing the molten cement to drip around the sample, 
which is surrounded by a split ring that is removed prior to grinding 
and polishing. 

The mounted specimen was ground flat upon a series of rotating disks 
covered with carborundum papers graded as follows: 180—240-3820—400. 
Finishing on a slightly finer paper might be better, but finer and otherwise 
suitable papers were not available. 

The ground sample was then rough polished on a wet wheel covered 
with a sturdy broadcloth, charged with the American Optical Company’s 
M-303 abrasive. This isa sharply graded material, which has been found 
to fit in nicely with the rest of the cycle. Final polishing was done on a 
wet broadcloth wheel charged with alumina levigated by Rodda’s’ 
method, utilizing material that settles not faster than 4 in. per hour. 

Etching was done by brushing with a mixture of equal parts of a 
10 per cent solution of potassium cyanide and a 10 per cent solution of 
ammonium persulfate. The two solutions keep reasonably well, but the 
mixture spoils very rapidly. The etching time required varies with the 
alloy and the heat treatment, but is usually in the neighborhood of 
10 seconds. 

This reagent was developed for another purpose about 10 years ago by 
M. CG. Jewett, a former associate of one of the authors. This reagent has 
proved to be generally useful as a metallographic etchant for precious- 
metal alloys, except for the extremely resistant platinum and palladium 
alloys which normally require a more drastic reagent. 

About 10 min. is required to mount, grind, and polish a specimen by 
this procedure. 


DISCUSSION 
(Frederic E. Carter presiding) 


C. 8. Stviz, Newark, N. J.—I congratulate the authors on their courage in investi- 
gating two five-component systems simultaneously. The phase relations in such 
systems are very complicated, and even one such alloy series is to the average metal- 
lographer as the spider was to Miss Muffet. Unfortunately, most dental alloys are 
such spiders, they start off as a disarmingly simple binary or ternary alloy, but before 
they reach the mouth most of the periodic table has been dragged into their net. 
This state of affairs is, to say the least, regrettable and it is my opinion that we should 
attempt to develop the desired properties in alloys that are somewhat simpler in 
constitution. The dentist now knows enough of the desired properties to be able to 
give a guiding specification to the metallurgist, and knowledge of alloy building and 


7J. L. Rodda: Preparation of Graded Abrasives for Metallographic Polishing. 
Trans. A. I. M. E. (1982) 99, 149. 
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also age-hardening phenomena has increased to such a point that it should not be 
impossible to design moderately simple alloys. 

Figs. 2, 3 and 5 when considered together offer certain points of interest. In 
Fig. 2 the temperature of 900° is, for the 5 per cent Pt alloy, about 15° above the 
solidus. The photomicrograph of this alloy in Fig. 3 does not indicate that the 
alloy was in a partly molten condition, while Fig. 5 shows clearly that some such 
change has taken place. It is possible that the five-minute annealing time is not suffi- 
ciently long to insure attainment either of equilibrium or even of the temperature. 
It is also possible that owing to the method of placing the samples in the furnace they 
did not all attain the same temperature. This, for instance, might possibly occur if 
the samples were placed in the furnace in a tight bundle. The third explanation is 
that the tensile strength is a more sensitive method of determining the solidus than 
the examination of quenched samples by means of the microscope. The determina- 
tion of the tensile strength is certainly much less arduous than the preparation and 
examination of a microsection. 

There is one dental point that is well brought out by this paper. The residual 
material after the potassium cyanide electrolysis is the hardening constituent and 
apparently is more chemically resistant than the alloy. This is important in dental 
work. The use of a base metal to produce age-hardening, as, for instance, tin with 
gold-palladium alloys, results in an alloy that oxidizes readily after being age-hardened. 
The oxidation seems to be due to the presence of a tin-palladium compound. Before 
age-hardening the alloy is resistant to such action. So there appears to be a distinct 
advantage in the use of a noble-metal hardener. 

The authors extended the use of the method of determination of the solidus to the 
determination of the liquidus most ingeniously. If the method is of reasonable 
accuracy it affords a simpler means for the determination of the phase diagrams of 
solders and such alloys with a large interval between the liquidus and solidus. 


H. E. Srauss, Newark, N. J. (written discussion)—The authors have been 
devoting a great deal of time to placing dental alloys on a sound metallurgical basis. 
It is well known that dental alloys owe their peculiar complexity to two tendencies— 
one to produce a good alloy and one to produce a low-priced alloy. It is to be hoped 
that in the near future alloys can be made and tested without those who have poor 
teeth being the only testing equipment. 

The X-ray data presented by the authors is rather complex, but again shows the 
value of X-ray analysis in metallurgy. Probably in connection with their discussion 
of superstructures they do not give sufficient credit to the copper in the alloys, even 
though they are primarily interested in the role of the platinum metals. From the 
superstructures of the palladium alloys they were able to establish the presence of two 
metallic compounds, gold-copper and palladium-copper, and their results indicate 
that in the case of the palladium alloys it is the palladium-copper that causes the 
great strength of the hardened alloy. There seems to be no reason to doubt that if 
the authors had studied the superstructure of the platinum alloys, they would have 
found that the hardening element was platinum-copper. Thus later work is now 
vindicating the old rule of thumb dental alloys; but what is more important, it also 
holds out hope that more correctly proportioned alloys may be developed in the future. 


G. Masina, Berlin, Germany (written discussion).—As this paper deals with 
quaternary alloys, the exact discussion of the equilibrium diagrams and of the con- 
stitutional conditions of the age-hardening reaction is extremely difficult. It may be 
assumed that the constitutional diagrams Fig. 2 of the paper are only provisional and 
that some complications may exist. Nevertheless the experiments of the authors 


offer a number of conclusions that are of general interest from the point of the theory 
of age-hardening. 
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The alloys containing palladium are very interesting because they contain a 


compound analogous to the copper-gold compound. I believe it is still an open 


_ question whether the age-hardening of these alloys is due to the precipitation in the 


call 


hy ah ae eee 


ordinary sense of the word or to transformations leading to the formation of regular 
atomic arrangements. The mechanism of the latter as connected with hardening 
has not yet been fully investigated and it will be worth while to pursue it still more in 
detail, perhaps with the alloys investigated by the authors, as one may expect it to 
lead to results interesting both from the theoretical and the practical point of view. 

The alloys containing platinum, while conforming in behavior to the general rules 
of age-hardening, are interesting in connection with the phase to which the authors 
ascribe the formula AuPt2Cus. It is striking that the copper content of this phase 
is 50 atomic per cent as in the compound CuAu, and the authors suggest indeed that it 
is derived from the latter by partial replacement of gold by platinum. If that be true, 
one must assume that the distribution of the gold and platinum atoms is a random 
one, because otherwise it would be scarcely possible to work out a distribution in 
accordance with the symmetry of the space lattice. It is to be expected, therefore, 
that the ratio of gold to platinum may change by forming solid solutions. 

It is very interesting to note that, while the gold atoms can be replaced by others, 
the copper atoms seem to be fixed in their positions. Perhaps this may be related with 
the fact that there exists in the binary alloys of copper with gold a second compound 
Cu;Au, in which a part of the gold atoms may be considered to be replaced by copper, 
while a similar compound Au;Cu is unknown. 

Further investigation of problems concerning these compounds must lead to 
interesting results. An exact determination of the copper content of the excess 
phase is desirable to confirm definitely the view of the authors, as we know that 
generally the residual analysis alone is far from giving reliable results. 


E. M. Wiss anv J. T. Easu (written discussion).—The remarks of Mr. Sivil are 
appreciated and his desire for the simplification of dental alloys is reasonable. How- 
ever, a rather careful study of the simpler systems has indicated that the reliable 
attainment of high properties generally necessitates recourse to alloys at least as 
complex as those studied by the authors and frequently requires the co-presence of 
both platinum and palladium. An exception to this is found in the palladium silver- 
copper alloys which, despite their simplicity, develop remarkably high strengths. 


In connection with the study of the hardenable platinum metal content alloys, ° 


it must be recognized that the domain of the hardenable alloys is a function of the 
copper to silver ratio and of the precious-metal content. In the alloys studied— 
namely, those containing about 30 atomic per cent copper—the hardening region 
terminates where the precious-metal content becomes appreciably greater than 55 
atomic per cent in alloys containing equiatomic percentages of palladium and gold. 

Further complications arise in connection with alloys to be used for dental castings. 
The basic casting alloys are much the same as those used in wrought form except that 
the desired melting point is usually lower. They may also contain certain small 
additions to promote solidity, and traces of other metals of the platinum group such 
as rhodium and ruthenium may be added to refine the grain size of the casting. 

With regard to the solidus of the 5 per cent platinum alloys, our observations 
indicate that it lies between 885° and 895° C. The photomicrograph in Fig. 3 was 
taken from a sample annealed close to 895° C. and shows no fusion. The methods of 
heating employed were indicated in part II of this research, and involved the heating 
of specimens in a special rack in juxtaposition with a thermocouple of approximately 
the same diameter as the specimen and possessing heating vs. time characteristic 
similar to the specimen. ‘Tensile tests are valuable but consume large quantities of 
materia and time, and if made on wires of 12-in. length require great care in the 


agcaee 


construction and operation of the furnace to secure the necessary accuracy in 
ture throughout the gage length of the specimen. The metallographic specime 
be short and require only about 10 min. for mounting, polishing, etching, and hence 
examination of quenched specimens is not unduly slow and the results are clear cut if a 

sufficiently high magnification is employed. The quenching method employed for 
determining the liquidus of the high-platinum alloys works well, and if a vertical © . 

section of the bead is examined no difficulty arises in connection with the accurate 
determination of the liquidus. The results of this method and of the orthodox ther- — 
mal method were checked against each other with satisfactory results in a low-platinum — ; 
alloy where the thermal method was usable. i 

The advantages of the noble-metal hardeners in maintaining a high level of corro- 
sion resistance, regardless of the heat treatment, is important and should be given 
thoughtful consideration. A most striking example of loss in nobility resulting from 
base-metal hardeners occurs in the gold-nickel alloys, for it has been found that an 
18-kt. gold-nickel alloy will lose its nobility almost completely after being heated for 
some time at an intermediate temperature. This loss in nobility is due to the rejection 
of a reactive phase. 

The remarks of Dr. Stauss on the testing of dental alloys and of the importance 
of keeping the cost low are pertinent. The favorable influence of the platinum metals 
upon the cost of dental alloys per unit of strength received attention in a 
previous communication.® 

With regard to the phases present in the alloys after heat treatment, it must be 1 
recognized that the phases existing after short-time heat treatment differ in lattice " 


ua 


parameter from the equilibrium phases and that in the case of the 25 atomic per 
‘cent palladium alloy, the aged material contains a phase not found under equilibrium 
conditions. Reference to the text and the diagrams will make these matters evident. 

In the previous communication,® the fact that PdAgCu alloys of appropriate com- 
position could be effectively age-hardened was disclosed. From this work it is evident 
that the presence of AuCu is by no means essential to the age-hardening process. 

With regard to the hardening of the platinum-content alloys, it is evident that 
several changes occur simultaneously. As the temperature is lowered, the solubility 
of the theta phase in the alpha decreases, the lattice parameter of the alpha increases, 
the c/a ratio of the theta lattice decreases and the a dimension of theta decreases. 

The discusser has apparently overlooked the fact that the superstructure lines of 
the platinum content alloys were actually determined and were found to differ from 
those which have been reported for platinum-copper. It must further be emphasized 
that the presence or the nature of the superstructure lines was not the sole basis for 
identifying the several phases present. 

The remarks of Dr. Masing are worthy of thoughtful consideration. It is evident 
that the graphic presentation of the results of the study of a quaternary, or if zine be 
considered, a quinary system, is not easy, and is only possible when the number of 
variables has been reduced. Furthermore, it is evident that the traces of the phase 
boundaries shown in our equilibrium diagrams represent the intersection of a plane 
with a surface which is by no means normal to the plane. As a result, the change in 
the amounts of the phases present resulting from a small change in either temperature 
or the gold to platinum metal ratio may be fairly small. Furthermore, the rate of 
formation and coalescence of certain of the phases is low. These factors, coupled with 
the necessity of relying largely upon X-ray diffraction patterns for the identification of 
the phases, renders the determination of the phasial domains a matter of considerable 


* The Role of the Platinum Metals in Dental Alloys. Trans. A. I. M. E. (19382) 
99, 383, sec. IT. 


® Reference of footnote 8, sec. I. 


uld - urt 2 
t alloys, but the results we have PI ‘ 


‘oo much weight should not be attached to the particular ratios of gold, platinum 
copper found = the pues isolated by anodic solution, for, as stated by the authors, 


by p Rratinind: a its Se acts may change to some extent with the temperature 
and. with the composition of the matrix. It has been found that an alloy of the com- 
position AuPt2Cu; is actually a homogeneous solid solution with a face-centered 
tetragonal structure having a c/a ratio of 0.98. The sample and the heat treatment 
employed in the preparation of the specimen employed as anode were selected primarily 
a to indicate the composition of the excess phase frequently present i in commercial dental 
alloys after the usual annealing treatments. As far as the residue method itself is 
concerned, due care must be exercised in conducting the anodic solution to avoid r 
grossly erroneous results. 
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Thermal Expansivity of Aluminum Alloys 


By L. W. Kempr,* CLEVELAND, OHIO — 


(New York Meeting, February, 1933) 


Tue thermal expansion characteristics of aluminum alloys have been 
examined by several investigators, among whom may be mentioned 
Shakespear,! Schulz,? Hidnert,? Hidnert and Sweeney‘ and McCullough.® 
Shakespear compared the expansion of a series of aluminum alloys con- 
taining 14 per cent copper, with separate additions of about 1 per cent 
each of manganese, tin and zinc with that of pure copper. Schulz 
examined the expansion of aluminum and zine and some aluminum-zine 
alloys. Hidnert determined with a high degree of precision the expansion | 
characteristics of pure aluminum, some aluminum-copper, aluminum- 
zinc, aluminum-silicon and some commercial alloys. Hidnert and 
Sweeney examined the expansion characteristics of aluminum-beryllium 
alloys. McCullough, by an interferometer method, determined the 
expansivity of some aluminum-copper, aluminum-magnesium, aluminum- 
iron, aluminum-nickel, aluminum-silicon and aluminum-manganese alloys. 

Incidental to an investigation carried out during the past six years 
and leading to the development and exploitation of an aluminum piston 
alloy of relatively low thermal expansivity, the expansion characteristics 
of a wide variety of alloys were examined. Some of the data which might 
be of general interest are gathered in this paper. 


EXPERIMENTAL PROCEDURE 


The apparatus used was essentially similar to those developed by the 
Bureau of Standards® and Howard Scott,’ with a few minor changes 


for expediency. The specimen was approximately 4 in. long and the 
differential length changes between specimen and the quartz tube were 


* Aluminum Research Laboratories, Aluminum Co. of America. 

1 Reports of the Light Alloys Committee, 48. National Advisory Committee for 
Aeronautics, June, 1931. 

2 Phys. Ztsch. (1921) 22, 403. 

3U.S. Bur. Stds. Sct. Paper 497 (1925). 

4U.8. Bur. Stds. Scz. Paper 565 (1927). 

5 Physics (Sept. 8, 1931) 1, 334. 

6U. 8. Bur. Stds. Tech. News Bull. 123 (1927) 2. 

7 Trans, Amer. Soc. Steel Treat. (1928) 18, 829. 
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determined by means of the same type of indicator used by Scott. 
Length changes can be read directly to 0.0001 in. and can be estimated to 
0.00005 in. The apparatus was so disposed as to occupy the central 
portion of a vertical closed end electric furnace about 14 in. long. The 
temperature of the specimen was determined by means of a 22-gage 
calibrated copper-constantan thermocouple wedged into a drilled hole 
midway between the ends of the specimen. The voltage set up by the 
thermocouple was measured with a Leeds & Northrup type K potenti- 
ometer. Measurements were made at intervals between room tempera- 
ture and about 300° C. Heating was carried out at a rate of about ea © 
per minute. The original length of the specimens was measured to 
0.0001 in. by means of micrometer calipers. 

Scott completely discussed the errors incidental to this method of 
determination. As he indicates, one of the largest variable errors lies in 
the angle between the indicator arm and the normal to the direction of 
the expansion being measured. The indicator was brazed to a bracket 
and clamp which was used to secure it to the quartz tube. The bottom 
of the bracket assembly was ground to a plane surface normal to the 
direction of linear expansion. It therefore became possible to calibrate 
the indicator by removing the entire clamp assembly, placing it on a 
plane surface and reading from the dial the displacement of the indicator 
level by various combinations of Johannson gage blocks. 

The apparent expansion of specimens observed in this type of apparatus 
is of course lower than the true by the expansion of the same length of 
silica. The tabulated data of the expansion curves give differential 
expansion but all coefficients of expansion have been corrected for the 
expansion of silica as determined by Souder and Hidnert.* The correc- 
tion is applied by calculating an apparent coefficient of expansion from 
the observed data and adding to this the value for the coefficient of 
expansion of silica. The value for the coefficient of expansion of silica 
used in all corrections regardless of temperature range is, 0.5 96 105 
The calculations of coefficients are based upon values for expansion 
interpolated at the temperatures concerned from smooth curves drawn 
through the plotted observed values. 

The alloys investigated were cast in the form of cylinders about 
3¢ in. in diameter in graphite molds. All specimens were annealed 20 hr. 
at 225° C. followed by air cooling to room temperature before the expan- 
sivity tests. Alloys were made from pure aluminum, cathode copper, 
electrolytic nickel, pure refined silicon, Armco iron, pure tungsten and 
molybdenum, and aluminum-chromium rich alloy. 


8 U.S. Bur. Stds. Sct. Paper 524. 
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RESULTS OF EXPERIMENTS 


Several typical expansion curves are shown in Fig. 1, with the cor- 
responding data in Table 1. The curves from duplicate runs of sample 


4284 are shown. 


-A number of samples were 


available, which were duplicates 


of specimens cast from the same 
melt, the coefficients of expansion 


_of which had been determined in 
- 1926 by Hidnert and Sweeney, of 
the Bureau of Standards, using 


precision methods. These sam- 
ples were prepared in the Alumi- 
num Research Laboratories and 
were annealed at 400° C. for 1 hr. 
followed by cooling slowly to room 
temperature. The data in Table 
1 show that the coefficients of 
expansion of companion bars 
determined by the Aluminum 


_ Research Laboratories and the 


Bureau of Standards agree very 
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TEMPERATURE IN °C. 
Fig. 1.—TypicaL EXPANSION-TEMPERATURE 
CURVES. 
Sample 4209, 13 per cent silicon; sample 
4284, 3 per cent copper, 0.8 iron, 19 silicon, 
1 manganese, 4 nickel. 


closely. A specimen was also available, sample 5542, the expansivity 


of which had been determined 


at the Bureau of Standards. This 


TaBLE 2>— Thermal Expansion of Sample 5542 
(13 Per Cent Silicon, 0.76 Per Cent Iron, 0.15 Per Cent Copper) _ 
Deviation from Bureau of Standards 


Coefficient of Expansion 10° 


Determination 


mee 20°-100° G. | 20°-200° G. ; 20°-300° G. | 20°-100° C. | 20°-200° C. | 20°-300° C. 
5/1/28 19.6 20.3 21.4 —0.1 +0.2 +0.1 
7/13/28 19.6 20.4 21.5 —0.1 +0.3 +0.2 
8/14/28 19.2 20.1 male —0.5 0 —0.2 
8/18/28 19.6 20.2 21.0 —0.1 +0.1 —0.3 
9/25/28 19.5 20.2 21.2 +0.2 +0.1 —0.1 
9/19/28 19.1 19.9 21.0 —0.6 —0.2 —0.3 

10/15/28 19.1 20.0 21.1 —0.6 —0.1 —0.2 
Bureau of 
Standards 19.7 20.1 21.3 
20°-100° G. | 20°-200° C. | 20°-300° C. 
Average all determinations..............+++-+--- 19.4 20.2 21.2 
Maximum deviation from average, per cent ...... 125 1.5 1.4 
Average deviation from Bureau of Standards, per 
(GT oro ageet Dot tie OO EE CeT EEO ee ae Sette +0.5 +0.9 
Maximum deviation of individual determinations 
1.4 


from Bureau of Standards, per cent.. 


wif 


Sample No. 


Cu Fe | Si | Ni 

3544 2.47 23.6 

5726 5.47 0.03 0.04 23.2 

5727 10 23.0 

5728 20. OUT 

5791 | 33.20 20.2 a 
~~ 

5887 0.05 0.70 0.03 22.6 rent \ 

5896 4.45 20.4 22.3 > 

5897 8.46 21:6 Fi 


Table 3 and Figs. 2 to 10 inclusive show the effect of some common 
alloying constituents on the thermal expansivity of pure aluminum. 
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Fig. 5.—EFFECT OF NICKEL ON THERMAL EXPANSIVITY OF ALUMINUM. 
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Fig. 6.—RELATIVE EFFECTS OF COPPER, IRON, SILICON AND NICKEL ON THERMAL 
EXPANSIVITY OF ALUMINUM. 
Values plotted are average coefficients of expansion per degree Centigrade for the 
temperature interval 20° to 100° C. 
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Values plotted are average coefficients of expansion per degree Centigrade for the 
- temperature interval 20° to 100° C. Zero nickel values are estimated from the 
curves of Fig. 6. > 
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Fic. 9.—EFFrecT OF IRON ON THERMAL EXPANSIVITY OF AN ALUMINUM ALLOY CON- 
TAINING 3 PER CENT NICKEL. 
Zero iron values are estimated from the curves of Fig. 5. 
Fig. 10.—EFrect OF COPPER ON THERMAL EXPANSIVITY OF SOME ALUMINUM-NICKEL 
ALLOYS. 
Values plotted are average coefficients of expansion per degree Centigrade for the 
temperature interval 20° to 100° C. 
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Table 4 gives the expansivity of a number of complex alloys. The 
majority of determinations in this table were made at the Bureau of 
Standards; the remainder at the Aluminum Research Laboratories. 

_- Table 5 gives the coefficients of thermal expansion of some com- 
mercial aluminum alloys. Some of these values are the result of direct 
measurements but the majority are estimated from the composition and 
the fundamental data available on the effect of composition on thermal 
expansivity. These estimations are probably more representative than 
an individual determination on a random specimen of commercial alloy. 
More practically reliable data could only be obtained from determina- 
tions on a number of specimens covering the range of chemical composi- 
tion and fabricating practice for each alloy. A number of coefficients 
are given to 0.5 in the third significant figures; it is not felt that these 
estimations are correct to more than the second significant figure. How- 
ever, there appeared to be justification for differentiating between the 
relative expansivities of some alloys whose coefficients would otherwise 
be recorded as identical. 


Discussion or RESULTS 


The general effect of adding metals of lower thermal expansivity to 
aluminum is an alloy with a lower coefficient of expansion than pure 
aluminum. The coefficient of expansion generally decreases with 
inereasing quantities of the alloying element when the coefficient of 
expansion of the latter is lower than that of pure aluminum. Of the 
elements copper, iron, silicon and nickel, iron is most efficacious in reduc- 
ing the coefficient of expansion of aluminum. Nickel exerts the next 
largest effect. Silicon is almost as efficient as nickel, while copper is 
decidedly less effective than any of these three metals. 

The results of present determinations on the various aluminum alloy 
series are somewhat at variance with the results reported by some of the 
other investigators. The variation is greatest in the aluminum-copper 
alloy system. Hidnert’s curves indicate that copper exerts little effect 
on the thermal expansion of aluminum up to 4 per cent by weight. From 
4 to 8 per cent copper, the coefficient of expansion increases and even 
becomes greater than that of pure aluminum. Above about 8 per cent 
copper, the coefficient of expansion appears to decrease at the lower 
temperatures but remains substantially constant at temperatures from 
300° to 500° C. McCullough also reports some rather anomalous results 
in the aluminum-copper series, inasmuch as all his determinations for 
copper contents from about 2.3 to 7 per cent showed higher thermal 
expansion than pure aluminum. 

The higher copper contents in McCullough’s results indicate a decrease 
in coefficient of expansion with increase in copper content. It would 
appear that this should be the result to be expected upon the addition of 
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copper with a coefficient of expansion < 
Centigrade to aluminum with an expansion of 
Centigrade. The addition of copper brings about no ¢ an, 
atomic arrangement of the aluminum. Unless such change 
arrangement takes place, it is difficult to epee ee ven the additic 


expansion coefficient. Hidnert records aoe in length as woe as a 7 


0.11 per cent. Very small permanent changes in the length of the | 7 
specimen bring about correspondingly larger errors in the coefficients of " 
expansion. The percentage errors for a permanent length change offs 
0.01 per cent for two coefficients of expansion for various temperature . 


intervals follow: 


Error for Temperature Intervals, Per Cent 
Coefficient. of Expansion. ee a eee 
per Deg. 


20° to 100° C. 20° to 200° C. | 20° to 300° C. 
0.000016 8 3.5 2 
0.000024 5 3 1 


These permanent changes in length recorded by Hidnert, which 
probably have affected the determinations of some of the other investi- 
gators, are undoubtedly the result of changes in the relative proportions 
of phases present incidental to the heating for the expansion determina- 
tion. It is known, for example, that precipitation of the compound 
CuAl, from a supersaturated solution in solid aluminum results in an 
increase in volume. The magnitude of such changes has beeh estimated 
in these laboratories by measuring the linear changes taking place when 
supersaturated solid solutions are reheated to various temperatures. A 
6 per cent copper alloy quenched from 535° C. exhibited the unit linear 
changes listed in Table 6. 


TABLE 6>— Unit Linear Changes of 6 Per Cent Copper Alloy 
Quenched from 535° C. 


TEHMPERATURE OF REHBATING, Dna, C. Unit PERMANENT CHANGES IN LENGTH 
0.00009 
425 0.00029 
375 0.00041 
325 0.00050 
275 0.00135 
225 0.00151 


The measurements from which these figures were taken were made at 
room temperature following quenching from the reheating temperature. 
The rate at which the alloy approaches equilibrium at any specified 
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temperature of reheating varies in a regular manner, equilibrium being 
obtained much more rapidly at the high temperatures than at the low. 
Specimens were repeatedly reheated and measured until no further 
change took place. 

The variation of the rate at which equilibrium is attained with 
temperature is illustrated by the fact that 240 hr. at 150° C. is required 
to bring about equilibrium in an alloy containing about 10 per cent cop- 
per and 0.2 per cent magnesium, whereas at 170° C. only 90 hr. were 
required, and at 225° C. no length changes could be noted after 3 hr. 
It should be recognized, of course, that the magnitude of these volume 
changes varies between alloy systems, and in any specific system with the 
degree of supersaturation. For example, the maximum unit linear 
expansion noted for alloys containing about 6 per cent copper quenched 
from a high-temperature solution treatment was about 0.0015. On the 
other hand, as cast in a chill mold with no subsequent solution heat 
treatment, aluminum-copper alloys containing upwards of about 4 per 
cent copper exhibit a maximum unit permanent expansion of about 0.0006 
to 0.001, The permanent unit linear expansion for the saturated alumi- 
num-silicon solid solution was found to be 0.0016, while the pure aluminum- 
magnesium silicide solid solution alloys showed no definite changes in 
volume on reheating following quenching from a solution treatment. 

Thus, the total volume changes of aluminum alloys incidental to 
temperature changes may be due to at least two quite different factors. 
One of these has been termed ‘‘growth” or “permanent growth” and is a 
manifestation of the variation with temperature of the mutual solid 
solubilities of the various structural phases present. The change due to 
this factor may or may not be reversible, depending on the range of the 
temperature cycle and the rate of heating and cooling. In practical 
applications the magnitude of this effect varies considerably depending 
on the initial condition of the alloy. The maximum effect thus far 
observed corresponds to a unit linear change of about 0.0016. 

A second factor effecting volume change with changes in temperature 
is the expansion of the atomic lattice or true thermal expansion. The 
volume changes attributable to this factor are perfectly reversible and are 
generally independent of the rate of heating or cooling. 

In view of the fundamental difference between these two factors, it 
appears logical that each should be evaluated separately. Determina- 
tions of coefficients of thermal expansion made indiscriminately with 
regard to the structural condition of the alloy are not true coefficients of 
thermal expansion but algebraic summations of effects due to phase 
changes, internal stress relieval and thermal expansion. It would seem 
desirable that expansivity should be determined on material as nearly as 
possible free from potential “growth” and internal stress. It is believed 
that such data may be more accurately applied to practical problems than 
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data, however precise, obtained on material in indefinite structural condi- 
tion as regards volume changes. 

The material used in this investigation, with the exception noted in 
Table 4, was stabilized by heating at 225° C. followed by air cooling to 
room temperature, for a length of time sufficient to bring about equilib- 
rium as regards “growth.” In most systems this requires about 20 hr. 
at temperature. Within the range of temperature investigated, 20° to 
300° C., these volume changes in the systems investigated are for the 
most part irreversible. 


SUMMARY 


The coefficients of thermal expansion of a number of aluminum alloys 
have been determined with a probable error within about 3 per cent. 

It is shown that structural changes attendant upon the reheating 
during the determination of thermal expansion may, if disregarded, bring 
about relatively large errors in the determination. 

Approximate coefficients of thermal expansion for a number of com- 
mercial aluminum alloys have been estimated from the fundamental 
data available on the effect of various alloying elements on the thermal 
expansivity of pure aluminum. 
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DISCUSSION 
(R. G. Waltenberg presiding) 


H. H. Lester, Watertown, Mass. (written discussion).—The apparatus that Mr. 
Kxempf used is similar in principle to one used at Watertown Arsenal, except that 
temperatures were measured differently. That is, the specimen was inclosed in a 
nickel chamber and the expansion of this cylinder relative to quartz was calibrated in 
terms of temperature, the nickel cylinder thus serving as a thermometer. The 
advantage of this is a more self-contained equipment and greater ease of taking read- 
ings. The temperatures are also somewhat more certain. There seems to be no loss 
of accuracy in temperature measurements. The apparatus is illustrated in Fig. 11. 


D. F. McFaruanp, State College, Pa.—I was much interested in the permanent 
growth shown. It seems to be similar to the permanent growth that takes place in 


cast iron, which causes considerable trouble in some of the gray cast iron. 


\ I The cause 
is probably different in the two cases. 


There has been a good deal of discussion as to 
what causes it in gray cast iron, such as graphite precipitation and changes in the 
condition of carbon. The results here also indicate that it is desirable to make not one 
determination on a new substance but to make the determination, then cool down 


and make it over again and see whether the results are the same, I had not suspected 
it could be found in other alloys than cast iron, 


—— 
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H. Scorv, Pittsburgh, Pa. (written discussion).— Besides contributing some excep- 
tionally valuable data, Mr. Kempf has pointed out the need for a special preparation 
technique for expansion test specimens. While the basic preparational requirements 
are clearly set forth, some amplification of this important subject may be appropriate. 

With few exceptions the common metals and alloys as normally cooled contain 
impurities in supersaturated solid solution which precipitate on heating at a com- 
paratively low temperature, producing an irreversible change in volume. If heated to 
a sufficiently high temperature, the precipitate will again dissolve and the original 
irreversible change is annulled. An expansion curve between these two temperature 
levels will, therefore, take the form of a hysteresis loop; hence the designation irrever- 
sible for the expansion anomaly causing the loop. 

The usual purpose of the expansion test is to determine I Dal Cage 
the reversible expansion alone in an unambiguous manner. _ Dia/Gage-..° 
This requires special annealing to eliminate so far as is 
necessary irreversible expansion effects. Since the rate of Quarte Rod 
precipitation as well as distribution of solute changes Quartz fod | 
rapidly with temperature, the specimen must be annealed 
at a temperature where nearly complete precipitation will 
occur in a time interval of the same magnitude as that of 
the test. Kempf’s temperature of 225° C. held 20 hr. 
appears adequate for aluminum. It should be recognized, 
however, that for each metal, or perhaps each base metal in 
the case of alloys, a different temperature may be required. 
Also irreversible expansion becomes prominent again on 
heating much above that temperature, thereby limiting the 
temperature range over which reversible expansion can be 
measured reliably. 

Another manner in which irreversible effects may be 
circumvented is by observing room-temperature length 
following quick cooling after each high-temperature 
observation. By so doing the irreversible expansion at each 
temperature is evaluated from which a correction can be Fic. 11.—APpPARATUS 
applied to obtain the true reversible expansion. Such a USED FOR MEASURING 
procedure implies, of course, that expansivity does not THERMAL EXPANSION AT 
change appreciably with variation in amount of solute i STE TO NE AES: 
dissolved. This assumption is justified by the fact that the effects of the solute on 
expansivity and its change in distribution with temperature is normally small. 

Data on the effects of alloying elements in pure metals are scarce and Mr. Kempf 
has made a considerable addition to our information thereon. The interpretation 
of these data presents an interesting problem. To assist in that direction it would be 
desirable to have values of the maximum and minimum solid solubility of the elements 
concerned, particularly the latter. One might expect a discontinuity in the expan- 
Sivity versus composition curves starting at the minimum solid solubility value for 
the element varied. 


- Micke! Chamber 


N-Specimen 


L. W. Kemer (written discussion).—Mr. McFarland calls attention to the similar- 
ity between aluminum alloys and cast iron as regards permanent growth. The 
permanent growth exhibited by aluminum alloys differs somewhat from that which 
takes place in cast iron. In aluminum alloys growth appears to be entirely the result 
of precipitation of intermetallic compounds from supersaturated solid solutions and 
the alloys may be easily and completely stabilized for any given temperature range, 
after which no further volume change takes place unless the temperature range of 
reheating is changed. The magnitude of the volume change in aluminum alloys is 
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also much smaller than in gray cast iron. No such simple explanation seems to 
account adequately for the volume changes encountered in cast iron. 

Dr. Scott correctly calls attention to the fact that the rate of precipitation and 
distribution of the solute change with temperature and with the nature of the systems. 
In the alloy systems investigated it was found that the period of time at 225° C. neces- 
sary for complete stabilization varied with the alloy system. In all cases, however, 
20 hr. at 225° C. was found to be more than adequate to complete the volume changes. 

Dr. Lester has described an interesting variation in the method of determining 
coefficient of thermal expansion by means of differential expansion. We found that 
the accurate measurement of relative linear motion was far more difficult than the 
establishment and determination of uniform thermal conditions. We therefore 
preferred to limit the measurements of linear motion to the differential expansion of 
quartz and the unknown specimen, and determine our temperatures electrically. 


Te ne 


Equilibrium Relations in Aluminum-chromium Alloys of 
High Purity 


By Wiuitam L. Finx* anp H. R. Frecuz,* New KENsiINeTON, Pa. 
(New York Meeting, February, 1933) 


Tuts is the thirteenth paper of a series from the laboratories of the 
Aluminum Company of America presenting the results of investigations 
of equilibrium relations in aluminum-base alloys prepared from electro- 
lytically refined aluminum. The ninth paper, on The Constitution of 
High-purity Aluminum-titanium Alloys,! presented a type of system 
that had not previously been encountered in aluminum alloys. Subse- 
quent work has shown that there are several similar binary aluminum 
diagrams including that of aluminum and chromium. The present 
investigation was limited to the extreme aluminum end of the aluminum- 
chromium system. 

The first systematic investigation of the aluminum-chromium 
equilibrium diagram was carried out by Hindrichs.? The resulting 
equilibrium diagram with some imaginary additions suggested by Guillet? 
is shown in Fig. 1. 

Recently Goté and Dogane? investigated the constitution of aluminum 
alloys containing up to 32 per cent chromium, and presented the diagram 
that is reproduced in Fig. 2. Wide discrepancies in the two diagrams 
are evident. 

The following intermetallic compounds have been reported in the 
literature: AlCr,®§ AlioCriSi,> AlCr,,® AlCr3,7 Al,Cr.8 


PREPARATION OF ALLOYS AND CHEMICAL ANALYSES 


With the exception of sample Y4206, which will be described under 
Determination of Hyperperitectic Liquidus, the alloys were prepared 
from electrolytically refined aluminum? of which the analysis is given in 


* Aluminum Research Laboratories. 

1W.L. Fink, K. R. Van Horn and P. M. Budge: Trans. A.I.M.E. (1931) 93, Inst. 
Metals Div., 421. 

2 Hindrichs: Ztsch. anorg. allg. Chem. (1908) 59, 480. 

3 Rev. de Mét. (1921) 18, 682. 

4 Proc. World Eng. Cong., Tokyo (1929) 36, 31 Abs. 

5 Wohler: Lieb. Ann. (1858) 106, 118; Zdem (1861) 115, 102. 

6 T,. Guillet: Génie civil (1902) 41, 381. 

7 Reference of footnote 2. 

8 Reference of footnote 4. 

9F. C. Frary: Trans. Amer. Electrochem. Soc. (1925) 47, 275. 
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Fic. 1.—ALUMINUM-CHROMIUM CONSTITUTION DIAGRAM ACCORDING TO GUILLET. 
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Table 1, and C.P. anhydrous chromic chloride. The reduction of CrCl, 
gave an alloy (Y5178) containing 1.41 per cent chromium, which was 
diluted with electrolytically refined aluminum to prepare alloys of lower 
chromium contents. 

The chemical analyses were obtained on drillings from chill-cast 
plates 5 mm. thick, which were cast at a temperature considerably above 
the liquidus. The chromium was determined by the persulfate method. 
The results of the analyses are given in Table 1. 


TABLE 1.—Chemical Composition of Alloys 
a Se ee NS I eo eee 


Composition of Alloys, Per 
at Sample Gene 
Description of Sample No. 
Cr Fe Si Cu 
Electrolytically refined aluminum............. 0.01 | 0.01} 0.01 
Chromium-rich alloys prepared from anhydrous | Y5178 | 1.41] 0.02| 0.01] 0.01 
CrCl;. Y5175 | 1.17] 0.02} 0.01] 0.01 
$2647 | 1.50] 0.01] 0.01] 0.01 
Prepared from Sample Y5178 and electrolyti- | Y6104 | 0.01 
cally refined aluminum. Y6105 | 0.02 
Y6106 | 0.03 
Y6107 |-0.06 
Y6108 | 0.10 
Y5888 | 0.17 
Y6109 | 0.21 
Y8022 | 0.38 
Y8387 | 0.46 
Y8388 | 0.51 
Y8389 | 0.58 
Y6161 | 0.65 
Y7405 | 1.08 
Prepared from Sample Y4206.................| Y5078 | 2.00 


Microscopic EXAMINATION OF CHILL-CAST SPECIMENS 


A preliminary microscopic examination of a chill-cast specimen! 
(Y5175) containing 1.17 per cent chromium revealed the structure shown 
in Fig. 8. This structure is similar to that sometimes observed in 
aluminum-titanium, and aluminum-manganese alloys. The unetched 
needles of primary constituent were gray when illuminated by the light 
from a carbon arc filtered through a 78A Wratten filter. The etching 
characteristeristies of the constituent are listed on the next page. 


10 Standard Methods of Analysis, Aluminum Company of America. 

11 The casting technique employed was previously described by Dix and Keith: 
Equilibrium Relations in Aluminum-manganese Alloys of High Purity. Proc. Inst. 
Met. Div., A.I.M.E. (1927) 315. 


Ercuine SouutTion 
0.5 per cent hydrofluoric acid 
1 per cent sodium carbonate solution (cold) 
1 per cent sodium carbonate solution 
(70° C.) 
1c.c. hydrofluoric + 1.5 ¢.c. hydrochloric 
+ 2.5 ¢.c. nitric acid + 95 c.c. water” 
25 per cent nitric acid (70° C.) 
20 per cent sulfuric acid (70° C.) 
10 per cent sodium hydroxide solution 
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EFFrEecT ON CONSTITUENT 
Constituent outlined 
Constituent not attacked 
Constituent turns irridescent brown 


Like 0.5 per cent hydrofluoric acid 
No effect 


No effect 
Darkens constituent 


10 per cent sodium hydroxide + 1 percent Darkens constituent 
sodium carbonate solution 


CoMPosITION OF CONSTITUENT OCCURRING IN ALUMINUM-RICH ALLOYS 


The aluminum-chromium constituent was separated chemically by 
dissolving away the aluminum matrix of furnace-cooled sample Y5178. 


Fie. 4. 
Fig. 3.—1.17 pmR CENT CHROMIUM ALLOY (Y5175-2226). 
Specimen was chill-cast. 
Fig. 4.—1.08 PER CENT CHROMIUM ALLOY (7405-A-1915). 
Specimen was slowly solidified in furnace. 
taken near the bottom of the ingot. 


x 500. 
Etched with 10 per cent NaOH + 1 per cent Na.,CQs. 


x 500. 
Unetched. The area illustrated was 


The bottom of the ingot that contained large crystals, as shown in Fig. 4, 
was treated with dilute hydrochloric acid. The acid first dissolved the 
parts of the matrix that were midway between particles of constituent. 
The pits so formed. gradually increased in size until only the plates of 
constituent remained unattacked. Fig. 5 is a picture of a portion of the 
sample after partial decomposition. Large clean plates with smooth 
idiomorphic surfaces were selected from the final residue under a binocular 
microscope. No metallic aluminum could be detected by X-ray diffrac- 


22 Dix and Keller: Min. & Met. (1928) 9, 327. 
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Fig. 5.—1.03 pER CENT CHROMIUM ALLOY (Y7405-A-1903). XX 2. Borrom oF INGOT 
HAVING STRUCTURE SHOWN IN Fla. 4. 
Part of sample has been dissolved in dilute hydrochloric acid leaving CrA]; plates 
standing in relief. 


Fic. 6.—0.65 PER CENT CHROMIUM ALLOY (Y6161-A-1898D). xX 1000. | 
Specimen heated 72 hr. at 630° C. _Unetched. Shows the rhombohedral particles 
of CrAlz. 


a 
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tion methods. Chemical analysis of these crystals corresponded to the 
formula CrAly. 


THERMAL ANALYSIS 


Cooling curves were taken of alloys up to 2 per cent chromium. A 
sample of about 200 grams in a graphite crucible was heated in a small 
electric furnace to a temperature well above the liquidus and cooled 
at a rate of 4° C. per minute. The temperatures were read by means of 
a Leeds & Northrup precision potentiometer (type K) and a platinum, 
platinum-rhodium thermocouple with an iced cold-junction. The couple 
was carefully calibrated against the freezing point of electrolytically 
refined aluminum and was protected from the melt according to the 
practice recommended by the U. 8. Bureau of Standards.'* ‘The results 
of the thermal analyses are given in Table 2. 


TaBLe 2.—Thermal Arrests of Aluminum-chromium Alloys 


Sample No. iP ereeninee ot Liquidus Arrest Peritectic Arrest 
6107 0.06 659.9 
6108 0.10 660.0 
5888 0.17 660.3 
6109 0.21 660.5 
6161 0.65 695 660.7 
7405 1.03 735 660.9 
5078 2.00 780 661.0 


The cooling curve of sample Y6161 (0.65 per cent chromium) is 
shown in Fig. 7. It will be noted that after the peritectic temperature 
has been reached the temperature remains constant for a time, then 
rapidly decreases a few tenths of a degree, and finally remains almost 
constant until solidification is complete. A solidus temperature lower 
than the peritectic temperature can be explained by a departure from 
true equilibrium conditions. 


DETERMINATION OF HyYPERPERITECTIC LIQuIDUS 


Although the primary arrests on the cooling curves of the chromium 
alloys are more definite and reproducible than those at the aluminum 
end of many other binary aluminum systems, it seemed desirable to 


a ES a eee 
U.S. Bur. Stds. Tech. Paper 170 (1921) 193. 


“See the discussion of Constitution of High-purity Aluminum-titanium Alloys. 
Trans. A.I.M.B. (1931) 98, Inst. Metals Div., 421. 
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check the hyperperitectic liquidus by the more accurate method" of 
analyzing the melt in equilibrium with the precipitated crystals of CrAl;. 
A 500-gram charge of a high-purity sample (82647) containing 1.50 per 
cent chromium was used for this purpose. The alloy was heated in a 
small alundum-lined plumbago crucible to 900° C., slowly cooled to 
728° C. and maintained at that temperature for 2 hr. After removing 
the dross from the surface of the melt, a sample for chemical analysis 
was taken with a small ladle preheated to the temperature of the melt. 
After another 15 min. at the same temperature, a duplicate sample was 


TEMPERATURE IN DEGREES CENTIGRADE 


300 600 900 1200 500 1800 
TIME IN SECONDS 


Fic. 7.—TYPICAL COOLING CURVE FOR AN ALLOY CONTAINING 0.65 PER CENT CHROMIUM. 


taken. The sample was chill-cast in a graphite mold. The temperature 
was slowly decreased to 695° C., held at that temperature 2 hr., and an 
analysis sample taken as before. A duplicate sample was taken after an 
additional 25 min. Table 3 gives the compositions of the samples taken. 

A similar experiment was carried out using a 7-kg. charge of sample 
Y4206, which was prepared by adding metallic chromium to electrolyti- 
eally refined aluminum. The composition of this sample was 9.94 per 
cent chromium, 0.19 per cent iron, 0.02 per cent silicon, 0.01 per cent 
copper. The larger volume of metal made it easier to obtain a sample 
free from crystals of CrAl,, The high percentage of iron was not as 
objectionable as would at first appear because the first crystals to pre- 


ee 
15 H. J. Miller: The Penetration of Brass by Tin and Solder with a Few Notes on 
Copper-tin Equilibrium Diagram. Jnl. Inst. Metals (1927) 37, 188. 
W. L. Fink, K. R. Van Horn and P. M. Budge: Constitution of High-purity 
Aluminum-titanium Alloys. Trans. A.I.M.E. (1931) 98, Inst. Metals Div., 421. 
W. L. Fink and H. R. Freche: Equilibrium Relations in Aluminum-cobalt 
Alloys of High Purity. Trans. A.I.M.E. (1932) 99, 141. 
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cipitate carried some of the iron. Only 0.07 per cent iron remained in 
the melt when the first sample was taken. The results of this experiment 
are listed in Table 4. 


TasLe 3.—Solubility of CrAl; in Molten Aluminum Containing 0.01 Per 


Cent Iron 
Sample No. Temperature, Deg. C. Chromium, Weight Per Cent 
$2630 728 0.95 
$2631 728 0.94 
$2748 695 0.66 


$2749 693 0.64 


Taste 4.—Solubility of CrAl; in Molten Aluminum Containing 0.07 Per 


Cent Iron 
Sample No. Temperature, Deg., C. Chromium, Weight Per Cent 
Y5112 790 2.07 
Y5113 785 1.96 
Y5114 770 1.60 
Y5115 770 1.59 
Y5116 753 1.34 
bain lys 753 1.38 
Y5118 730 1.00 
Y5119 730 1.00 
Y5120 702 0.75 
Y5121 702 0.75 
Y5122 685 0.56 
Y5123 685 0.57 


Composition OF Mett at Prritectic TEMPERATURE 


In the experiments described in the preceding section it was impossible 
to obtain samples below 675° C. that were entirely free from crystals. 
Consequently the composition of the liquid in equilibrium with the solid 
at the peritectic temperature was determined by extrapolating the 
hyperperitectic liquidus according to an empirical formula. The com- 
position so determined is 0.41 weight per cent chromium. 


Sotip SOLUBILITY OF CHROMIUM IN ALUMINUM 


Since equilibrium can be attained much more quickly in cold-rolled 
sheet than in cast specimens, the solubility specimens were prepared 
in the following way: One-pound ingots (2 by 9 by 10 em.) were chill-cast 


in a graphite mold, hot-rolled to 2-gage (6.5 mm.) and then cold-rolled 
to 20-gage (0.8 mm.) sheet. 


Ay Paes 
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Microscopic examination of specimens of this sheet which had been 
heated at 530° C. for various periods of time showed that equilibrium 
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Fig. 8.—ALUMINUM END OF ALUMINUM-CHROMIUM DIAGRAM. 


was established in less than 72 hr. Therefore a separate set of cold- 
rolled specimens was annealed for 72 hr. at each of the three temperatures 
investigated (530°, 580° and 630° C.). The solid solubility of chromium 


ooh 
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in aluminum was determined by microscopic examination of the quenched 
specimens. The results are shown in Fig. 8. 
An extrapolation of the solubility curve to 661° C. gives 0.77 per cent as 
the solid solubility of chromium in aluminum at the peritectic temperature. 
Fig. 6 shows particles of CrAl; out of solution in the 0.65 per cent 
chromium sample which had been annealed at 630° C. 


AtumiINuM END or ALUMINUM-CHROMIUM DIAGRAM 


The aluminum-chromium diagram from 0 to 2 per cent chromium 
is represented in Fig. 8. The hypoperitectic solidus, which was not 
determined experimentally, is shown as a straight dotted line drawn from 
the melting point of aluminum to the solid solubility limit at 661° C. 
(the peritectic temperature). 
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Equilibrium Relations in Aluminum-manganese Alloys of 
High Purity, 11* 


By E. H. Drx, Jr.,f Wititam L. Finxt anv L. A. Witiey,t New Kensineron, Pa. 
(New York Meeting, February, 1933) 


Tue results of a preliminary investigation of the aluminum-iron- 
manganese system showed that small amounts of iron (0.10 per cent) 
substantially reduce the solid solubility of manganese in aluminum. 
This is clearly shown in the photomicrographs of three alloys, Figs. 1 to 3. 
Fig. 1, of an alloy containing 1.04 per cent manganese after a heat treat- 
ment at 626° C. for 45 hr., shows only solid solution. This alloy con- 
tained less than 0.008 per cent iron. Fig. 2 shows the abundance of a 
constituent (which undoubtedly contains aluminum, manganese and 
iron) in an alloy containing 1.00 per cent manganese and 0.11 percent 
iron after a solution heat treatment at 625° C. for 63 hr. For comparison, 
Fig. 3 is included to show the relatively small amount of constituent 
(FeAl;) in a similarly heat-treated aluminum alloy containing 0.10 
per cent iron but no manganese. 

These data necessitated a reconsideration of the binary aluminum- 
manganese diagram that was previously presented,! inasmuch as the 
alloys used in that work contained from 0.02 to 0.05 per cent iron. 

This paper is the fourteenth of a series from the Research Laboratories 
of the Aluminum Company of America reporting the results of investiga- 
tions of equilibrium relations in aluminum-base alloys of high purity. 
The purpose was to determine the phase relations in aluminum with 
aluminum-manganese alloys containing the smallest amount of iron that 
could be realized with the purest material available at the present time 
(less than 0.01 per cent iron). 

Since the previous publication from these laboratories, five investiga- 
tions of the aluminum-manganese system have been reported. Krings 
and Ostmann2 assigned the formula MnAl, to the compound at the 
aluminum end of the system, and found a eutectic between this compound 


and aluminum at 649° C. and 3 per cent manganese. 


* Part I was published in Proc. Inst. Metals Div., A.I.M.E.- (1927). 


+ Aluminum Research Laboratories. 
1B. H. Dix, Jr. and W. D. Keith: Equilibrium Relations in Aluminum-manganese 


Alloys of High Purity. Proc. Inst. Metals Div., A.I.M.E. (1927) 315. 
2 W. Krings and W. Ostmann: Beitrag zur Kenntnis des Dreistoffsystems Kupfer- 
Aluminium-Mangan und seiner Magnetischen Higenschaften. Ztsch. anora. Chem. 


(1927) 145. 
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Fria. 1.—1:04 per CENT MANGANESE ALLOY (Y8956-Y6565M1-A3755D). x 500. % 
Specimen heat-treated 45 hr. at 626° C. and quenched. Shows only solid se _ 
Etched with 0.5 per cent HF. 


Fic. 2—1.00 PER CENT MANGANESE, 0.11 PER CENT IRON ALLOY (81833-S1168-2- v4 


A38779D). x 500. 


Specimen heat-treated 63 hr. at_ 625° C. and quenched. Shows large amount of — ; 


constituent containing aluminum, manganese and iron. Etched with 0.5 per cent HF. rn 
Fig. 3.—0.10 per cent rRON ALLOY (S1161-A38745D). XX 500. a 
Specimen heat-treated 63 hr. at 625° C. and quenched. Shows small particles of ke 
FeAl;. Etched with 0.5 per cent HF. 2 
Fig. 4.—1.01 per centr MANGANESE, 0.09 Cen CENT SILICON ALLOY ($4448-A3782D). 
00. 


Specimen heat-treated 63 ne at 625°C C. and ational: See only solid solution, “ea 


Etched with 0.5 per cent Hy 


summarized by the diagram of Fig. 5. The eutetion is Bie at 650° C. | 
and 2.2 per cent manganese. There are indicated two isothermal phase 


* Von E. Rassow: Die Konstitution der Aluminiumreichen Aluminium-Mangan- 
Legierungen. Hauszeitschrift (1929) VI, 187-190. 
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changes, one at 670° C. and the other at 820° C. The former is inter- 
preted as a polymorphic transformation of MnAl, and the latter as a 
peritectic reaction between MnAl; and the melt to form MnAl,. Rassow 
did not investigate the eutectic concentration or the solid solubility but 
accepted the results obtained by Dix and Keith. 

Ishiwara‘ has investigated the entire binary aluminum-manganese 
system with the exception of the limits of solid solution at the aluminum 
end. His diagram, Fig. 6, differs from that shown by Rassow in that 
it does not show a peritectic reaction at 820° C. or the existence of 


20 40 60 80 
WEIGHT PERCENT MANGANESE 


Fig. 5. Fre. 6. 


Fig. 5.—DIAGRAM OF ALUMINUM-MANGANESE SYSTEM FROM 0 TO 40 PER CENT MAN- 
GANESE. (Rassow.) 
Fic. 6.—EQuILIBRIUM DIAGRAM OF THE ALUMINUM-MANGANESE SYSTEM. (Torajiro 
Ishiwara.) 


MnAl;. Moreover, the phase change occurring at 670° C. was explained 
as a peritectic reaction between the compound MnAl; and the melt, 
forming the compound MnA\;. 

Bradley and Jones’ made X-ray diffraction patterns of some annealed 
aluminum-manganese alloys. From the patterns, they concluded that 
the compounds MnAl, and MnA\, occurred at the aluminum end of the 
system below 600° C. 


4T. Ishiwara: Equilibrium Diagrams of the Aluminum-manganese, Copper- 
manganese and Iron-manganese Systems. Tohoku Imp. Univ. Sci. Repts. (1930) 
19, 501. 

5A. J. Bradley and Phyllis Jones: The Aluminum-manganese System of Alloys. 
Phil. Mag. (1931) 12, 1137. 
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Bosshard® determined the solid solubility of manganese in aluminum 
by an electrical conductivity method. Although he found lower solu- 
bility values at all temperatures below approximately 640° C. than those 
previously reported from these laboratories, the difference may be attrib- 
uted to the relatively large amount of iron present in his alloys (0.3 per 
cent). Bosshard stated that ‘Silicon in particular may bring about a 
modification of the results since it enters into the formation of a silicide, 
MnSi ...” However, the authors find that silicon does not have as 
pronounced an influence as iron. Fig. 4 shows that 0.09 per cent silicon 
did not cause any precipitation in a 1 per cent manganese alloy, whereas 
0.1 per cent iron produced the precipitation shown in Fig. 2. 


MaTeErRiAts Usep 


Electrolytically refined aluminum’ of the highest purity obtainable 
was used throughout the investigation. The chemical analyses showed 
the following impurities: 0.003 to 0.005 per cent silicon, 0.006 to 0.008 
per cent iron, and 0.003 to 0.004 per cent copper. 

For the preparation of alloys containing more than 92 per cent 
aluminum, the manganese was obtained by the reduction of Baker’s 
analyzed C.P. manganous chloride (containing 0.002 per cent iron) with 
aluminum. For the alloys containing less aluminum, metallic manganese 
of the following composition was used: 1.63 per cent silicon, 1.24 per cent 
iron, 0.12 per cent copper, 0.85 per cent aluminum, 96.16 per cent manga- 
nese by difference. 

Preparation of Alloys ——For the production of the high-purity alu- 
minum-manganese alloys, several manganese-rich alloys were first pre- 
pared by the addition of anhydrous manganous chloride to aluminum. 
This method of producing aluminum-manganese alloys was first employed 
by Wohler* in 1860. The alloys containing smaller amounts of manganese 
were prepared by adding the required amount of hardener to high-purity 
aluminum at 700° to 750° C. 

The manganous chloride was dried, first at 100° C. and then at grad- 
ually increasing temperatures up to about 500° C. The anhydrous chlo- 
ride was finely powdered and gradually added to high-purity aluminum 
at 800° to 900° C. A recovery of from 60 to 75 per cent of the manganese 
was realized in the alloys prepared in this manner. The following is a 
typical analysis of these alloys or hardeners: 0.01 per cent silicon, 0.01 per 
cent iron, 0.01 per cent copper and 6.23 per cent manganese. 


’ Bosshard: Study of Binary Alloys of Aluminum and Manganese Containing 
from 0.05 to 3.5 per cent of Manganese. Report No. 231, Bureau International de 
L’ Aluminium, 1932. 

7F. C. Frary: Electrolytic Refining of Aluminum. Trans. Amer. Electrochem. 
Soc. (1925) 47, 275. 

8 Wohler: Lieb. Ann. (1860) 115, 102. 
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For the preparation of sheet specimens used in the solubility deter- 
minations, ingots (2 by 9 by 10 cm.) were cast in a graphite mold. For 
thermal analysis, cylinders (4 em. in diameter by 6 em. long) were cast in a 
graphite mold. The samples for chemical analysis were chill-cast in the 
form of slabs 5 mm. thick. 

Chemical Analysis.—All of the alloys were analyzed for manganese by 
the persulfate-arsenite method.? The results of the analyses are given in 
the preceding paragraphs and in Table 1. 


Taste 1.—Analysis of Alloys 


Weight Percentage 


Alloy No. Kind of Hardener Used 

Si Fe Cu Mn 
Y6558 0.003 | 0.006 | 0.003 0.05 
Y6559 0.10 
Y6560 0.21 
Y6561 0.32 
Y6562 0.42 
Y6563 0.62 
Y6564 0.82 
Y6565 1.04 
oe Prepared from MnCl, DOES 02008) 01003 ee 
Y6568 2.49 
Y9777 0.01 0.01 0.01 0.52 
Y9760 1.01 
Y9804 155 
Y9526 2.03 
Y9430 0.01 0.01 0.01 4.00 
$1049 0.02 0.01 0.01 6.10 
$357 0.01 0.01 0.01 6.23 
$5321 9.9 
$2439-1 0.17 0-12 0.01 10.0 
$4699 19.4 
$3241 22 
$3242 Metallic Mn PA! 
$3243 28.6 
$5340 29.8 
$5253-1 0.54 0.42 0.06 32.0 
$5359 36.4 


THERMAL ANALYSES 


The thermal analyses were made on the cylindrical samples 
previously described. The samples were melted in a straight-wall 
graphite crucible 4 cm. inside diameter and 10 cm. insdepth, provided 
with a graphite cover. To protect the thermocouple from the corrosive 


® Standard Methods of Analysis, Aluminum Company of America. 


ee 
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action of the melt, a protection tube 5 mm. outside diameter and 2 mm. 
inside diameter was prepared from a high-grade alundum cement. A 
22-eage chromel-alumel thermocouple was used in connection with a 
Leeds & Northrup precision potentiometer. To assure accuracy, the 
thermocouple was calibrated against the freezing point of high-purity 
aluminum befo e and after the analysis of each alloy. 

The temperature of the thermal arrests on both heating and cooling 
are given in Table 2. 

Inasmuch as the cooling curves give low values for the liquidus on 
account of undercooling, the primary arrests were not used in the con- 
struction of the equilibrium diagram. It will also be noted that cooling 


TasLe 2.—Thermal Analysis 


Cooling Curve Arrests Heating Curve Arrests 
Mn 

Al : 

Noe Pee lie 6 1 6 
Liq- 2 3 4 5 Eutec- | Lig- 2 3 4 5 Eutec- 
uidus tic uidus tie 

Y97772 | 0.52/659.6 659.6 
Y97602 | 1.01/659.2 659.2 
Y98042 | 1.55/658.8 658.8 
Y9526¢| 2.03 658.4 658.4 
Y94302 | 4.00 658.5 658.5 
$1049 | 6.10 678.3] 658.4 710.2) 658.5 
$5321 | 9.9 |785.0 678.0) 657.0 |806.0 710.0} 657.0 
$4699 |19.4 |871.0 823.0/680.0) 655.0 |887.0 Not de- |704.0} 655.0 
tected 
$5340 |29.8 |946.0/918.0|] Not de- |835.0/678.0 945.0}916.0)879.0) 836.0 |705.0 
tected 
$5359 |386.4 |991.0)932.0} 874.0 |829.0 991.0/932.0/908.0} Not de- 
tected 


2 High-purity alloys. 


and heating curves give different temperatures for arrest No. 5. Since 
undercooling is more probable than overheating, the temperature of 
710° C. should be given more weight. Additional experimental evidence 
favoring the higher temperature is described below. 


THe Hyprrevutectic Lieuipus 


The nature of aluminum-manganese alloys is such that the method 
used in determining the solubility curves for aqueous systems may also 
be used in determining the hypereutectic liquidus for this system. The 
method has been previously applied to the copper-tin system by Miller? 
and to various aluminum binary systems in the other investigations of 
this series. 

The procedure may be briefly described as follows: Approximately 
214 kg. of a high-purity aluminum-manganese alloy containing 6.23 


0H. J. Miller: The Penetration of Brass by Tin and Solder With a Few Notes on 
the Copper-tin Equilibrium Diagram. Jnl. Inst. Metals (1927) 37, 188. 
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per cent manganese was heated to about 850° C. in a No. 10 plumbago 
crucible lined with alundum cement. An electric crucible furnace 
controlled with a Wilson-Maeulen controller was used. By placing a 
protected thermocouple just beneath the surface of the metal and con- 
necting it with a Leeds & Northrup type K potentiometer a close check 
on the temperature of the melt was obtained. The metal was heated 
to 850° C. to insure complete solution of the constituent, then cooled to 
about 750° C. and held for approximately one hour. During this period 
the temperature of the melt did not vary more than +2° C. When 
equilibrium had been obtained in this manner, the dross was carefully 
removed from the surface of the metal and a preheated ladle was filled 
with the clean surface liquid. The sample so taken was immediately 
chill-cast in the form of a slab 5 mm. thick, for chemical analysis. The 
temperature was decreased about 10° C. and a second sample was 
obtained after following the same procedure. This was continued until 
samples were obtained at several temperatures between 750° C. and the 
eutectic temperature. After the last sample had been obtained in this 
manner, the metal was very slowly cooled until complete solidification 
had taken place. A sample was cut from the center of the surface to 
obtain an approximation of the eutectic composition. 

Much difficulty was experienced in obtaining samples of the liquid at 
temperatures immediately above 710° C. The crystals formed in this 
range did not settle readily. However, in the neighborhood of 710° C. 
a reaction took place and below that temperature the newly formed 
crystals settled to the bottom of the crucible, leaving a liquid layer at 
the top. It was found necessary to disregard the results on samples 
obtained in the first determination at temperatures above 710° C. 
because crystals were unavoidably included in the samples. 

The difficulty was largely overcome by repeating the determination 
of the liquidus with a larger volume of metal. Approximately 11 kg. of 
an alloy (S2439-1) containing 10.0 per cent manganese was prepared 
from high-purity aluminum and metallic manganese. The alloy was 
prepared from metallic manganese on account of the difficulty of prepar- 
ing such a large volume of 10 per cent alloy from the chloride. The 
results obtained indicate that the impurities introduced with the man- 
ganese had no substantial effect on this proportion of the diagram. 

Before any samples were taken the transformation occurring at about 
710° C. was investigated. The alloy was completely melted and then 
slowly cooled to about 715° C. At this temperature the alloy appeared 
to be almost completely solidified. A graphite stirring rod could not be 
forced into the metal. As the gradual cooling was continued, the pro- 
portion of the liquid phase appeared to increase. At about 700° C. the 
top third of the metal was entirely liquid while the crystals had settled 
to the bottom of the crucible. These erystals did not adhere or grow 
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together enough to prevent forcing a stirring rod to the bottom of the 
crucible. On reheating to 715° C. the metal in the lower part of the 
crucible appeared to solidify again so that it could not be penetrated with 
the stirring rod. The liquid phase at the top, being low in manganese, ~ 
remained unchanged. 

The anomalous behavior of these alloys, that is, apparent solidification 
upon heating above 710° C., probably is caused by the peculiar crystal 
formation of the solid phase. Fig. 13 shows the lower surface of a 10 per 
cent manganese ingot which was heated at 720° to 730° C. for 2! hr. 
and quenched. It is evident that the primary crystals have grown as 
interpenetrating aigrettelike clusters. Moreover, the crystals forming 
the clusters are usually hollow, like the one shown in Fig. 14. Obviously 
such a system of hollow crystalline members distributed throughout the 
liquid phase might possess considerable compressive strength, and give 
the erroneous impression that solidification was almost complete. 

To determine the solubility at temperatures above 710° C. the alloy 
was diluted so as to contain about 6 per cent manganese. The same 
procedure was followed as in the first determination, except that occa- 
sionally during the period at constant temperature the crystals were 
forced toward the bottom of the crucible by pressing down with a pre- 
heated stirring rod. In this way it was possible to obtain satisfactory 
samples from a 6 per cent manganese alloy between 740° and 720° C. 

The results of the two determinations are given in Table 3. 


TasiE 3.—Solubility of Manganese in Molten Aluminum 


Alloy No. Temperature of Equilibrium, Deg. C. Manganese, Per Cent 
740 5.78 
$2439-2 731 5.26 
720 4.62 
re 3.44 
9357 686 2.90 
(ee 2,51 
668 2.26 
(Sample from the surface of the solidified 1.95 
ingot 658.5° C.) 


The results indicated two branches of the liquidus curve with slightly 
different slope intersecting at 710° C. The temperature of this discon- 
tinuity in the liquidus as well as the change in the character of the crystals 
confirms the reaction temperature determined by heating curves (710° C.). 


SOLID SOLUBILITY 


The solid solubility was determined by both electrical conductivity 
and microscopic methods. The specimens 0.64 by 19 by 500 mm. were 
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cut from 22-gage sheet, which had been rolled in the following manner 


from the ingots previously described. The ingots were given a pre- 


_ cautionary heating at 600° C. for 17 hr. to assist in homogenizing the 


structure. They were then rolled to 2-gage (6.5-mm.) sheet, annealed 
at 600° C. for 22 hr. to further homogenize the material, and cold-rolled 


- to 22-gage (0.64-mm.) sheet. 


Solution heat treatment was carried out within a closed aluminum 
block (10 cm. inside diameter by 20 cm. outside diameter by 53 cm. in 
length) placed in a Homo furnace. The temperature gradient and 
variation within this block were less than +1° C. 

The electrical conductivity determinations were made on all speci- 


- mens within a short time after quenching from each solution heat treat- 


ment. These determinations were made by comparing the drop in 
potential across a known length of the specimens to that across a 0.001- 
ohm standard resistance connected in series. The drop in potential was 
measured with a Leeds & Northrup type K potentiometer while the speci- 
mens were kept at constant temperature (25° C.) in a thermostatically 
controlled oil bath. Specimens were given the consecutive heat treat- 
ments listed in Table 4. 


TABLE 4.—Consecutive Heat Treatments 


Specimens Marked Y6558M1 to Y6568M1 Specimens Y6558M2 to Y6568M2 

Hours At Temp., Deg. C. Quench Hours At Temp., Deg. C. Quench 
45 626 Cold water 89 500 Cold water 
46 570 Cold water 47 500 Cold water 
64 570 Cold water lif 625 Cold water 
89 500 Cold water 


The results of the determinations by the electrical conductivity 
method indicated a solid solubility of 1.35, 0.78 and 0.36 per cent man- 
ganese at 626°, 570° and 500° C., respectively. Microscopic examination 
of the specimens verified the above results. Fig. 7 shows a photomicro- 
graph of the first alloy (1.55 per cent Mn) in the series, to show particles 
of constituent out of solution after heat treatment at 626° C. An alloy 
containing 1 per cent, after the same heat treatment, showed only solid 
solution. (See Fig. 1.) A photomicrograph of an alloy containing 0.42 
per cent manganese is shown in Fig. 8. This alloy was heat-treated at 
500° C. and lies just above the limit of solid solubility at that tempera- 
ture. Small particles of the manganese constituent are present. 

Precipitation from Supersaturated Solid Solution.—The precipitation 
of the aluminum-manganese compound from supersaturated aluminum- 
rich solid solution presents interesting data which can be applied to the 
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study of equilibrium conditions in other alloy systems. Fig. 9 shows the 
conductivity-concentration curve for specimens Y6558M1 to Y6568M1 
quenched from 626° C. Fig. 10 shows the curve (I) obtained from the 
same specimens after the entire series of heat treatments previously 
described, and for comparison, a curve (II) obtained from specimens 
Y6558M2 to Y6568M2 heat-treated for 89 hr. at 500° C. without previous 
heat treatment. The difference between the two curves can be accounted 
for only by the fact that the first set of specimens had been heat-treated 
at higher temperatures prior to the final 500° C. treatment, whereas the 


Fig. 7. Fie. 8. 
Fic. 7.—1.55 PER CENT MANGANESE ALLOY (Y8956-Y6566M1-A3705D). x 500. 
Specimen heat-treated 45 hr. at 626° C. and quenched. Shows particles of 
MnAl, in a solid solution matrix. Etched with 0.5 per cent HF. 
Fra. 8.—0.42 PER CENT MANGANESE ALLOY (Y9591-Y6562M2-A3692D). x 500. 
Specimen heat-treated 136 hr. at 500° C. and quenched. Shows small particles of 
MnAl, after the above heat treatment. Etched 0.5 per cent HF. 


second set of samples was still in the cold-rolled condition when it was 
placed in the furnace. The failure to attain equilibrium shown by curve 
I can be attributed in part to the absence of nuclei in the samples that 
consisted entirely of solid solution prior to the final heat treatment, since 
there is a greater degree of precipitation in the samples that contained 
particles of manganese constituent. 

This explanation is further strengthened by the microstructures of the 
specimens. Fig. 11 is a photomicrograph of an alloy containing 0.82 per 
cent manganese, which was given a solution heat treatment at 500° C. 
for 136 hr. directly from the cold-rolled condition. Copious precipitation 
has occurred throughout the grain. A specimen from the same sheet, but 
which had received heat treatment at 626° and 570° C. prior to the final 
heat treatment at 500° C. for 89 hr., had the structure illustrated in Fig. 
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12. No precipitation has occurred within the grains, though some has 
occurred at the grain boundaries. 

The attainment of equilibrium was verified by reheat treatments at 
the same temperature, and by heating at 626° C. for 17 hr. a series of 
specimens which had previously been brought to equilibrium at 500° C. 


PER CENT OF COPPER STD. 


ELECTRICAL CONDUCTIVITY, PER CENT OF COPPER STD. 


ELECTRICAL CONDUCTIVITY, 


0 04 08 1.2 62.0 e.- 24 0 04 08 1.2 16 20 24 
MANGANESE, WEIGHT PER CENT. MANGANESE, WEIGHT PER CENT. 
Fia. 9, Fia. 10. 


Fia. 9.—ConpDvUctTIVITY-CONCENTRATION CURVE. 
Aluminum-manganese alloys heat-treated 45 hr. at 626° C. and quenched. 
Fia. 10.—Conpbvuctiviry-CONCENTRATION CURVES. 

I. Aluminum-manganese alloys heat-treated 45 hr. at 626° C., 110 hr. at 570° C. 
and 89 hr. at 500° C. Specimens quenched in cold water after each heat treatment. 
II. Aluminum-manganese alloys (cold-rolled 90 per cent) heat-treated 89 hr. at 500° C. 
and quenched. 


In both cases identical conductivity-concentration curves were obtained 
at the given temperature. 


INTERMETALLIC CoMPpoUNDS OCCURRING IN ALUMINUM-RICH ALUMINUM- 
MANGANESE ALLOYS 


The compositions of the compounds occurring up to 10 per cent 
manganese have been studied. The composition of the compound at the 
extreme aluminum end of the diagram was first determined by separation 
and analysis of the constituent from an approximately 3 per cent high- 
purity alloy. The sample was melted, cooled slowly to 660° C., held for 
30 min. at 660° to 665° C., and furnace-cooled. 
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Microscopic examination revealed only one phase in addition to the 
aluminum solid solution, as shown in Fig. 15. Most of the primary 
particles had settled to the bottom of the ingot which was used for the 
electrolytic separation of the constituent. The method used was the 
same as that previously described," except that a 3 per cent hydrochloric 
acid solution was used. Clean, well formed crystals were selected from 
the residue under a binocular microscope and used for chemical and 
X-ray analyses. The analyses from two different separations gave 25.7 
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Fia. 11. Fie. 12. 
Fig. 11.—0.82 PER CENT MANGANESE ALLOY (Y¥9591-Y6564M2-A3693D). > 500. 
Specimen (cold-rolled 90 per cent) heat-treated 136 hr. at 500° C. and quenched. 
Shows an abundance of precipitation throughout the specimen. . Etched with 0.5 
per cent HF. 


Fig. 12.—0.82 PER CENT MANGANESE ALLOY (Y9737-Y6564M1-A3694D). xX 500. 
Specimen heat-treated 45 hr. at 626° C., 110 hr. at 570° C. and 89 hr. at 500° C. 
Shows precipitation at grain boundaries only. Etched with 0.5 per cent HF. 


and 25.9 per cent manganese. This corresponds closely to the composi- 
tion of MnAl, (25.85 per cent manganese). X-ray diffraction patterns 
of these crystals revealed only one phase. 

Since the formulas MnAl; and MnAl, had both been proposed for this 
constituent, alloys corresponding to these compositions were compared 
with an alloy corresponding closely with the formula MnAle. These 
samples were heated at 690° C. for 120 hr. and quenched. The resulting 
structures are shown in Figs. 16 to 18. Obviously the only sample 
approaching a single phase is that corresponding to MnAl,. Even in 
this sample there are small particles of a second phase. This may be 
caused ‘by atoms of the impurities replacing atoms of manganese in the 
compound MnAl,, thereby producing the same effect as adding too much 
manganese. X-ray diffraction patterns confirmed the microscopic 


“W. L. Fink and K. R. Van Horn: Constituents of Aluminum-iron-silicon Alloys. 
Trans. A.I.M.E. (1931) 98, Inst. Met. Div., 383. 
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observations, and definitely identified the light phase in Fig. 16 as alu- 


minum, and the dark phase in Fig. 
18 as identical to the constituent 
shown in Fig. 14. 

It would be expected that the 
crystals shown in Fig. 14, which 
form above the peritectic reaction 
at 710° C., would differ from MnAl, 
in composition as well as crystal 
structure. The specimen illustrated 
in Fig. 18 consisted of approxi- 
mately equal quantities of MnAl, 
and the compound in question. 
It was therefore suspected that 
the composition of the dark phase 
might correspond to the formula 
MnA\l,. 

In order to determine whether 
or not the compound is MnAl,, the 
same methods were used as in the 
investigation of MnAls. Crystals 
electrolytically separated from the 
ingot illustrated in Figs. 13 and 14 
were found to contain 32.3 per cent 
manganese. Alloys containing 32.0 
and 36.4 per cent manganese by 
analysis were prepared and heat- 
treated. at 755° to 765° C. for 
approximately 20 hr. The resulting 
structures are shown in Figs. 19 and 
20. The structure shown in Fig. 19 
would indicate that the manganese 
content of this alloy slightly exceeds 
that of the compound. However, 
the impurities (0.42 Fe, 0.54 Si, 0.06 
Cu) would probably have the same 
proportional effect as was found in 
the case of MnAls. Making allow- 
ance for this effect, it seems probable 
that the formula of the compound is 
MnAly. X-ray diffraction patterns 
showed that the alloy (MnAl,) 
shown in Fig. 19 is identical to the 


Fic. 13.—10.0 PER CENT MANGANESE 
ALLOY (§2439-1-S2988-A3214A). 2. 

Ingot prepared by slowly cooling the 
melt to 720° C., holding at 720° to 730° 
C. for 214 hr. and quenching in cold water. 
Shows cluster formation of needlelike 
erystals (MnAl,), standing in relief on 
unpolished and unetched bottom surface. 


dark phase of Fig. 18 and the constituent of Fig. 14. 


EQUILIBRIUM 


saat 
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Fic. 14.—10.0 per CENT MANGANESE ALLOY (S2988-A3780D). > 100. j 

Specimen from ingot shown in Fig. 138. Shows cross-sections of needles of inter- — 
metallic compound MnAly. Etched with 0.5 per cent HF. 

Fria. 15.—APPROXIMATELY 3.0 PER CENT MANGANESE ALLOY (S2589-A3774). x 100. — 

Specimen from the bottom of an ingot prepared by slowly cooling the melt to — 
660° C., holding at 660° to 665° C. for 30 min., and slowly cooling till solidified. — 
Shows primary crystal of the intermetallic compound MnAly. Etched with 0.5 pe 
cent HF. ‘ 
Fig. 16.—22.7 prER CENT MANGANESE ALLOY (83241-A3681D). x 500. AN ALLOY 

CORRESPONDING TO THE FORMULA MNAL;. 

Specimen heat-treated 120 hr. at 690° C. and quenched. Shows two phases; the 
aluminum manganese eutectic and the compound MnAls. Etched with 10 per cent 
NaOH-5 per cent H,Ox. a 
Fig. 17.—25.3 PER CENT MANGANESE ALLOY (83242-A3683D).  X 500. AN ALLOY ~ 

CORRESPONDING TO THE FORMULA MNAtg. 


Specimen heat-treated 120 hr. at 690° C. and quenched. Shows the compound 
eee with a small amount of MnAly. Etched with 10 per cent NaOQH-5 per cent 
20. 


as a dark phase in Fig. 20, has not been determined. It may be the com- 
pound MnAl; which has been frequently reported in the literature. 
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Under the microscope the compounds MnAls and MnAl, in the 


Sa % ; 


ENT MANGANESE ALLOY (83243-A3684D). > 500. AN ALLOY 

: CORRESPONDING TO THE FORMULA MNALSs. 

Specimen heat-treated 120 hr. at 690° C. and quenched. Shows approximately 
equal amounts of MnAl, (light colored areas) and MnAl, (dark areas). Etched with 
10 per cent NaOH-5 per cent H202. 

- -—Fi¢. 19.—32.0 PER CENT MANGANESE ALLOY (0.54 PER CENT SILICON, 0.42 PER 
CENT IRON AND 0.06 PER CENT COPPER) (85253-1-A3952). XX 500. AN ALLOY HAVING 
APPROXIMATELY THE FORMULA MNAt4. 

Specimen heat-treated approximately 20 hr. at 755° to 765° C. and quenched. 

Shows the compound MnAl, and a small amount of a second phase that may be MnA\l;. 
Etched with 10 per cent NaOH-5 per cent H2O>. 

Fic. 20.—36.4 PER CENT MANGANESE ALLOY (85359-1-A3921D). X 500. 
Specimen heat-treated approximately 20 hr. at 755° to 765° C. and quenched. 
Shows MnAl, (light areas) and a second phase that may be the compound MnAl;. 
Etched with 10 per cent NaOH-5 per cent H2O>. 
Fic. 21.—25.3 PER CENT MANGANESE ALLOY (83242D-A3805D). X 500. 
Specimen heat-treated 64 hr. at 760° to 77 5° C. and quenched. Shows the com- 
pounds MnAlk and an aluminum-rich phase. Etched with 10 per cent NaOH- 


5 per cent H.O2. 


Fic. 18.—28.6 PER C 


unetched condition have very nearly the same color—a flat gray. Dilute 
sodium hydroxide solutions etch the two compounds in a somewhat 


iG) 
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different manner, and thus help in distinguishing between them. When 
the compounds occur in an aluminum matrix, a one per cent solution of 
NaOH etches MnAl, blue gray in 10 sec., whereas it etches MnAl, brown 
in the same length of time. Concentrated NaOH solution (e.g., 10 per 
cent) etches both compounds dark brown to black. Other etching solu- 
tions which are commonly used for aluminum alloys!” (0.5 per cent hydro- 
fluorie acid, 20 per cent sulfuric acid, and 25 per cent nitric acid) do not 
affect either compound appreciably. Although the one per cent sodium 
hydroxide solution is satisfactory for aluminum-rich alloys, it badly stains 
alloys which are so high in manganese that little or no aluminum phase is 
present. For such alloys a solution containing 10 per cent sodium 
hydroxide and 5 per cent hydrogen peroxide is preferable. 


ALUMINUM END oF ALUMINUM-MANGANESE EQUILIBRIUM DIAGRAM 


The equilibrium diagram of the aluminum-rich aluminum-manganese 
alloys as determined in this investigation is shown in Fig. 22. In view 
of the pronounced effect of small quantities of iron on the solid solubility 
curve, this line may still differ appreciably from that of the true binary 
diagram, although the alloys all contained less than 0.01 per cent iron. 
If alloys spectroscopically free from iron had been used a still higher solid 
solubility might have been obtained. With the purity attained in this 
work the solid solubility decreases from about 1.82 per cent manganese 
at the eutectic temperature to 0.36 per cent manganese at 500° C. 

In placing the eutectic horizontal at 658.5° C., the results from alloys 
containing 0.01 per cent iron were used and the lower temperatures 
indicated by the lower purity alloys, disregarded. 

The hypoeutectic liquidus, as determined by cooling curves of alloys 
containing 0.01 per cent iron or less, is a straight line intersecting the 
eutectic horizontal slightly below 2 per cent manganese. 

The lowest branch of the hypereutectic liquidus determined by 
measuring the solubility of MnAl, in high-purity aluminum intersects 
the eutectic horizontal at 1.95 per cent manganese and intersects the 
second branch of the liquidus at 710° C. and 4.06 per cent manganese. 
The second branch of the liquidus rises from this point to approximately 
800° C. and 10 per cent manganese, and somewhat further. The exact 
point of intersection with the third branch of the liquidus has not 
been determined. 

The peritectic reaction has been located at 710° C. by observation 
of the anomalous crystallization occurring at that temperature, by the 
discontinuity in the liquidus curve, and by heating curves. This tem- 
perature is consistent with the microstructures of samples having the 


12 Hi, H. Dix, Jr. and W. D. Keith: Etching Characteristics of Constituents in 
Commercial Aluminum Alloys. Proc. Amer. Soc. Test. Mat. (1926) 26, Pt. IL, 317. 
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composition MnAl, which were heat-treated at 690° and 725° C. At 
690° C. MnAl, is stable, as shown in Fig. 17. At 725° C. a peritectic 
reaction has taken place and a heterogeneous structure obtains. This 


800 


750 
Melt + MnAl, 


710.0°C. 
700 
Melt + MnAl, 


O—~0 658.5°C. 
1827%Mn 195%Mn 


650 


Solid 
Solution 
o 4 


600 Solid Solution + MnAk 


TEMPERATURE, DEGREES CENTIGRADE 


© Thermal Analysis, Cooling Curves 
550 ® Thermal Analysis, Heating Curves 

© Solubility Measurements 

4 Electrical Conductivity Measurements 

Q Microscopic Examination, Solid Solution 

x Microscopic Examination, Solid Solution+ MnAl, 
500 


0 ! das o 6 7 8 P0 
MANGANESE, PER CENT BY WEIGHT 


Fig. 22.—THE ALUMINUM END OF THE ALUMINUM-MANGANESE EQUILIBRIUM DIAGRAM. 


structure is similar to that of the same alloy heated at 760° to 775° C., 
illustrated in Fig. 21. 

By analysis of crystals separated from alloys quenched from above 
and below the peritectic reaction, by microscopic examination of heat- 
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treated alloys having compositions corresponding to different possible — 


compounds, and by X-ray analysis, the intermetallic compounds were 
found to have compositions that agreed within experimental error with 
the formulas MnAly and MnAly. MnA\, is stable up to 710° C., where it 
decomposes to form MnAl, and liquid aluminum containing 4.06 per cent 
manganese in solution. Although there is evidence that MnAl, decom- 


poses at a higher temperature, the corresponding peritectic horizontal 
has not been completely located. 
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antitative Estimation of the Impurities in Tin by Means 
~ of th. Quartz Spectrograph* 


_ By C. Sransrietp Hitcuen,{t Camprings, Mass. 
(New York Meeting, February, 1933) 
ABSTRACT 


; THe paper describes the application of the logarithmic wedge sector — 
: method of quantitative spectrography to the estimation of commonly 
occurring minor impurities in crude and refined tin. Both arc and spark 
“4 methods of emission were employed and with the former a new device 
- was used to overcome difficulties arising from the low melting point of 
the metal. The impurities investigated included antimony, fee 
bismuth, copper, iron, lead, and zinc, their concentrations lying, i 
Z- general, between 0.01 and 0.50 per cent. The results obtained show ek 
ig the method may be usefully employed for the estimation of bismuth, 
copper, iron, lead, and zinc, in amounts ranging from.0.50 per cent to 
- well below 0.01 per cent. Arsenic and antimony, however, could not be 
estimated in amounts less than 0.03 and 0.07 per cent respectively. Out 
of a total of 116 estimations by arc and spark emission, in 96 the errors 
were less than 5 per cent of the total quantity of the element present, 
_ whereas in the remaining twenty, the errors lay between 5 and 25 per 
- cent. Spectro-analytical data for the several impurities studied are 
given in the form of tables, and curves correlating line-intensity with 
concentration have also been included. 


a a 


A DISCUSSION 


(R. G. Waltenberg presiding) 


D. M. Smrru, London, England (written discussion).—I am interested in Dr 
Hitchen’s account of his investigations on the application of spectrographic methods to 
the assay of tin and congratulate him on his valuable contribution to the literature 
on the subject of quantitative spectrum analysis. Some of the results obtained in the 
course of investigations carried out for the British Non-Ferrous Metals Research 
Assn., although obtained under somewhat different experimental conditions, may be of 
interest in connection with this paper. 

Arc and spark spectra of standard samples of tin containing various known amounts 
of antimony, bismuth, cadmium, copper, lead, silver and arsenic have been investi- 


* This paper is available at the office of the Institute as Technical Publication 
No. 494. 
+ Member of the Imperial College of Science and Technology, London. Com- 
monwealth Fund Fellow, 1931-33. 
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gated by means of the Hilger small quartz Prank a. rene 
one-third the dispersion of the medium size spectrograph used b by Dr. Hit 
For small quantities of impurities I prefer to use the simple internal mandacn 

ag applied to ordinary photographic records of spectra, the accuracy attainal 
of the order of +10 per cent on the estimated quantity. At the same time, Iam 
opinion that of the photometric methods available for giving increased accul 
of estimation, the logarithmic sector method is certainly the most adaptable from 
point of view of routine analytical work—especially for the higher percentages. ae : 

It has been found that with metals of low melting point, such as tin and lead, 1 he 
most satisfactory method of obtaining suitable graded series of standard alloys is 0 
melt together in evacuated Pyrex glass tubes accurately weighed quantities of | 
constituent metals. For the tin alloys prepared in this way, a sample of tin 
refined electrolytically under laboratory conditions, the metal obtained containing 
following residual impurities: lead, 0.0026 per cent; antimony, less than 0.001; bismuth, 
0.0004; copper, 0.0006; iron, 0.0003. With money to the production of the hae i 
self-inductance was macd to remove the air lines (which are more troublesome from the | 
point of view of masking other lines when the small spectrograph is used), the amoun * ~ 
used being sufficient to give equality of intensity between the arc line \3330.6 and th it 
spark line \8352.3—by which means standardized and reproducible electrical condi- _ 
tions were obtained.! 

For are spectra, the arc between pure graphite electrodes, taking about 1.5 to | 
2amp.wasused. The sample was made the negative electrode, since it was found that — 
under these conditions the spectra obtained closely resembled those of the arc between _ 
metallic electrodes, the cyanogen band at \3883.4 (due to the graphite) being only very 
faintly present. With the short exposures used (15 to 20 sec.) the question of oxida- 
tion of the sample was not of great importance, but nevertheless Dr. Hitchen’s device 
for maintaining the metal in a reduced condition is particularly ingenious and should — 
be of wide applicability. 

Under the conditions described above, it was found that smaller quantities of silver 
and bismuth (less than 0.001 per cent) could be detected by the spark method than by 
that of the arc; owing, no doubt, to the fact that the masking effect of the continuous ~ 
background from 3000 to \4500 (approx.) is more pronounced in are spectra than in 
spark spectra. For the rest, I have been able to detect as little as 0.015 per cent 
antimony, less than 0.001 per cent cadmium, 0.003 per cent lead, less than 0.0005 per 
cent copper but only 0.05 per cent arsenic by the methods I have used. 


‘ 


F. Twyman anv A. Harvey, London, England (written discussion).—Recently 
we have been employing the same technique that Dr. Hitchen used, for the estimation 
of minor constituents of steels.2 We have, however, employed a rather different 
method for plotting the results, which has the advantage that it often results in graphs ~ 
that are straight lines over certain ranges of percentage. It has been shown by 
Twyman and Simeon* that the difference in the lengths of two lines is proportional to 
the logarithm of the ratio of the intensities of those lines, so it seemed to us logical to 
plot the length differences against log % rather than against the percentage itself. 
When this is done, a straight-line graph, y = a + ba, is often obtained. In many 
cases that we have examined this relationship is found to hold, over, at any rate, part 
of the ranges studied. As an example of this the figures given by the author in Table 2 
have been plotted and give a straight-line relation of this type from 0.03 per cent up to 
0.34 per cent. In view of the economy of labor that results when only two points are 
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1K. Schweitzer: Zisch. anorg. Chem. (1927) 164, 127-144. 
2 See Jnl. Iron and Steel Inst. (1932) 126, 397. 
2 Trans. Opt. Soc. (1929-30) $1, 172. 


M. L. Fuuuer anp G. W. Sranpen, Palmerton, Pa. (written discussion)—Any 
ort to remove errors of personal judgment in quantitative spectrographic analysis is 


The writers have investigated and applied various methods of spectrographic 
analysis, including the logarithmic sector method, and have made observations on the 
errors to be encountered which are pertinent to the present discussion. It has been 
_ our experience that it is difficult for two observers to agree upon the lengths of the lines 
in the wedge spectrum. Dr. Hitchen states that a line length cannot be measured to 
within less than 0.2 mm. This means that the line-length difference between the 

_ lines of a comparison pair is not significant for a difference of less than 0.4 mm. 
- Inspection of the line-length difference-composition curves given in Dr. Hitchen’s 
_ paper shows that this error in measuring line-length differences is of the same order of 
magnitude as the total error experienced in making analyses by this method. 

_ It is because of this error inherent in the intensity measurement itself that the 
writers have continued to use a recording microphotometer (using a photoelectric cell) 
or the measurement of line intensity.* The error of measuring blackening is much less 
than the total errors involved in the analysis and thus no appreciable error is introduced 
by photometry. 


G. Kuck, New York, N. Y. (written discussion).—Dr. Hitchen is to be thanked 
and praised for the completeness and the presentation of his work. Papers of a 
‘practical nature such as this are much needed. For any one spectrographic laboratory 
to thoroughly investigate all types of alloys that might come to them for analysis is a 
very large undertaking. The tendency, therefore, has been for each laboratory to 
specialize on one or two or three base metals. The-services of a laboratory in the 
consulting field, however, are at the call of the industries served. This has its advan- 
tages, it is true, along the lines of broad endeavor and experience, but at the same time 
is a handicap in developing the technique on specialitems. As in the field of medicine, 
for example, the specialist and the general practitioner must each contribute of their 
experience and knowledge. Obviously, published work on the spectrographic analysis 
of alloys of all metals are important, but it is to be regretted that so far no papers as 
‘g complete as Dr. Hitchen’s have been published on nickel alloys, high-purity antimony, 
; high-purity bismuth and copper alloys, using an internal standard. 
; The tables given in this paper will be useful not only to those using the internal 
j _ standard, but also to those using the comparison method. The table on iron is 
especially useful. Recently, we have had occasion to use many of the lines quoted 


E therein for the determination of iron in nickel wire. 
4 __Dr. Hitchen’s observations on the difficulty experienced with copper are also met 
4 with in an are spectrogram of nickel. However, there are a number of arc lines 


of copper, 2189.6, 2192.3, 2199.6, 2227.7 and 2230.1, which persist to 0.01 per cent in 
nickel, to 0.004 per cent in solution of zinc die casts, but only to 0.05 per cent in anti- 
mony-lead alloy. It is suggested that these same lines might be used in the analysis 
of tin. 


4. Twyman and C. S. Hitchen: The Estimation of Metals in Solution by Means 
of Their Spark Spectra. Proc. Roy. Soc. (1931) 138A, 72. 

’ For a description of the use of the photometer in this connection, see paper by 
C. C. Nitchie and G. W. Standen: Ind. & Eng. Chem., Anal. Ed. (1932) 4, 182. 


hly commendable. Dr. Hitchen is to be congratulated for his contribu-— 
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In his discussion of the errors met with the author states that it may be due to 
“oeeasional inequalities in the light source” and “small-scale segregation.” I 
believe he has omitted a third possible source of error that is caused by a difference in 
composition between the material under examination and the material used as stand- 
ard; this difference being in the presence of different amounts of a third metal which is 
not being examined for. I refer to the phenomenon observed by Dr. Hitchen himself 
in another paper.® In that paper he stated that in the estimation of nickel and cobalt 
by means of the logarithmic wedge sector the curves were modified by the presence of 
iron or copper in solution. Nitchie’ has also noticed that the presence of zine and 
aluminum accentuates the intensities of lead lines in the are spectrum of solutions 
containing both. From this, Mr. Nitchie concluded that it was necessary to use 
standards of nearly the same composition. In our practice, it is necessary that we 
know of these changes in intensities due to the presence of a third element. Can 
Dr. Hitchen advise whether he has found that the presence of any one metal in tin 
shifts the curves for the analysis of another metal? 


E. H. S. van SomEREN, Birmingham, England (written discussion)—I agree with 
many of Dr. Hitchen’s conclusions. In selecting his conditions for sparking he has 
eliminated as far as possible self-inductance from the discharge circuit. My experi- 
ence is that such conditions result in reduced sensitiveness to lead, silver, copper, 
arsenic, antimony and bismuth. The difference of sensitiveness is illustrated by the 
fact that with 0.1 millihenry of self-inductance in the circuit I can easily detect 0.02 
per cent of arsenic and 0.03 per cent of antimony in tin, while with no added self- 
inductance no lines of either element appear. This test was made using a spectro- 
graph and plates similar to those used by Dr. Hitchen. 

The method of obtaining a stable are described by the author is interesting, but 
complicated. I have also tried a tin are from 0.01 gram of tin in a carbon rod, but 
for uniformity and freedom from interference by iron lines I prefer to use the type of 
are described (for lead) in my paper referred to by Dr. Hitchen. With a current 
of 3 amp. in a tin are adequate exposures can be made before the tin is sufficiently 
oxidized to disturb the spectrum, provided that no condensing lens is used. 

In my experience the logarithmic sector is only reliable for comparing lines which 
are fairly similar in intensity and wave length. The comparison of line-pairs where 
one is 20 times as strong as the other (as in Fig. 9) or where one is blue and the other 
yellow (as for zine, Fig. 8) may produce a smooth curve once, but is unlikely to give 
reproducible results in routine testing. 

The problems of selecting the best conditions and the most suitable pairs of lines 
are of the utmost importance in quantitative spectrographic analysis. Some of the 
pairs of spark lines used by Dr. Hitchen are not among those quoted as homologous 
by Gerlach and Schweitzer and it would be interesting to know what degree of invari- 
ance is claimed for them. 


H. E. Strauss, Newark, N. J—We are chiefly concerned with qualitative analysis, 
but Dr. Hitchen has done work that might be carried over to it. He has compared 
the spectra of tin in both the are and the spark. I wonder what his experience has 
been with regard to the relative sensitivities of the two methods in detecting the last 
traces of impurities, not for quantitative, but for qualitative, results. Which is more 
sensitive? With platinum we seem to find that the arc is the more sensitive. In the 


° In the paper referred to in footnote 4. 


‘C. C. Nitchie: Quantitative Analysis with the Spectrograph. Ind. & Eng. 
Chem., Anal. Ed. (1929). 


*H. W. Brownsdon and E. H. 8. van Someren: Jnl. Inst. Metals (1931) 46, 97. 
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a terature, at least in the past, preference seems to be given to the spark. Which is 
_ the correct view? 

I should also like to ask Dr. Hitchen if he has had any experience with the inter- 
F rupted are that is described by Gerlach and Ruthardt; and if he has had, whether he 
_believes it to have any advantages as compared with the continuous arc for detecting 
_ traces of impurities. or = 


ae P. H. Bracsg, Pittsburgh, Pa.—I would like to ask a question as to the possibility 

of extending methods of this type to what might be regarded as gross analysis. For 
example, we may have from 3 to 5 per cent each of three or four different elements; 
as in alloy steels, for example. When melting scrap, particularly in electric-furnace 
practice, it would often be convenient to have a quick method of getting fairly accurate 
knowledge of the alloy content of a molten bath; for example, by drawing from the 
bath a small ladle of metal, casting it to form the electrode, using that immediately 
in an arc and thus, possibly by visual inspection of a sector of a wedge spectrum, 
obtaining reasonably accurate estimations, say within 10 per cent of the fairly large 
quantities of alloys present. 


Messrs. Fuller and Standen, it must be admitted that the logarithmic sector is not so 
accurate as the photoelectric photometer, nevertheless the actual gain in accuracy is 
not so great as might be at first supposed. By observing proper precautions and by 
taking the average of three sets of line-length measurements (see Table 2), it is possible 
to reduce considerably the photometric errors incurred with the sector, the final 
accuracy of estimation being slightly under 10 per cent of the total quantity of the 
substance present. This has been confirmed by a number of independent workers. 
The majority of the results in this paper show an accuracy greater than 10 per cent, 
but this is possibly the result of compensating errors. 

As regards the photoelectric and other types of photometers, the consensus of 
opinion appears to be that only in exceptional circumstances is it possible to secure a 
greater accuracy than 5 per cent in ordinary industrial routine work. It is difficult to 
generalize in a field where errors are so largely determined by individual circumstances, 
but it would appear that the net gain in accuracy obtained by using a photometer in 
place of a sector is about 4 per cent. Against the superior accuracy of photometers 
must be set not only their high cost and delicate construction but the greater time 
required for carrying out an analysis.? The logarithmic sector, on the other hand, 
though less accurate photometrically, has much that commends it for industrial 
routine work. It is serviceable, speedy, relatively low in cost and can be used by an 
intelligent though unqualified assistant. 

These femarks should not be interpreted as meaning that I wish to disparage the 
use of photoelectric and other types of photometers; on the contrary, I fully realize 
their potentialities and the fact that they are invaluable in certain phases of spectro- 
analytical practice. Many methods of quantitative analysis are now available and it 
becomes a matter of employing a method for the job to which it is best suited. I 
believe the sector possesses features that render it very well adapted for routine 
examinations, especially in smelting and other metallurgical operations. 

Further in reply to Messrs. Fuller and Standen, I would point out that, while it 
4 is frequently found that the line-length measurements of two observers differ, the 


y 


z 


9 In order that the full accuracy of the photometer method may be realized, it is 
essential that a calibration of the plate should be made, and this alone adds con- 
siderably to the time required for an analysis. When calibration of the plate is not 
included, the result would appear to be little, if any, better than those obtained with 


the sector. 
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C. S. Hircuen (written discussion).—Dealing first with the points raised by _ 


Re of. lengthy derived oa their pee 
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4. e., one observer consistently reads his line | 
The copper arc lines which Mr. Kuck mentions eould doubtless 


somewhat, as these lines lie in a region arhiers absorption difeots commence tc 
their influence. Errors arising from variation i in the amount of a third — di 


samples and standards must be of comparable bulk composition. It i is ¢ u 
lay down any definite rules regarding the amounts by which major constituents. m 
vary without affecting the accuracy of the analysis, as this depends not only uf 
the particular elements involved, but also upon the percentage range of the 1 impu 
being estimated. Each case would appear to require a separate investigation in 
respect. I fear I cannot advise with certainty whether the presence of any one m 
in tin affects the curves for the analysis of another metal as the work described in 
paper was confined to more or less pure tin. Tin alloys, with which this effect w 
be more readily detected, were not investigated. I am able to state, however, 
variation in the concentrations of the minor impurities had not the least effect on t 
accuracy with which each could be estimated. ~ : 

In reply to Mr. Stauss, I would say that I believe the are to be, in general, the more | 
sensitive form of emission, especially for metals. For such elements as silicon, 
antimony, arsenic, and boron, the spark appears to possess advantages. So far I] have 
not had an opportunity to investigate the interrupted are of Gerlach and Ruthardt. _ 

I believe the sector might be usefully applied to the type of problem outlined by ~ 
Mr. Brace, provided that the total amount of minor metals does not exceed 5 per cent | 
—in fact, Twyman and Harvey"® have recently published a paper on a very closely ~ 
related problem. Should the total amount of minor constituents range between 5and ~ 
20 per cent, however, I think Barratt’s “‘twin spark’’ method would prove more suit- 
able, as this is as rapid as the logarithmic sector method and more accurate where 
higher percentages are involved. 

An explanation of the differing experiences of Mr. van Someren and myself with 
regard to sensitivity and self-inductance is to be found, I think, in the times of exposure 
we employ, Mr. van Someren’s being, apparently, of much shorter duration than — 
mine.!! Jntrinsically the are lines of arsenic and antimony are more sensitive than 
their spark lines, but such superior sensitivity can only be fully realized when the 
exposures are of a few seconds duration, owing to the ready volatility of these ele- 
ments. The-same would, I believe, apply in lesser degree when self-inductance is 
inserted in the circuit. 

The use of carbon rods would almost certainly result in the appearance of some 
iron lines in the spectrogram. Acheson graphite, however, is very satisfactory in this 
respect and shows few lines due to impurity. 

I agree that the best results are obtained when the lines of a line-pair are near 
together and of similar intensity, results tending to become less reproducable the 
greater the departure from similarity and proximity. We obtain fairly good results 
with a 1:10 ratio, while a 1:20 ratio is less satisfactory though not entirely impracti- 
cable. Naturally one does not use a poorer line-pair unless forced to do so by other 
cogent considerations. I am continually having to surrender otherwise good line- 
pairs owing to possible interference from lines of other substances likely to occur in 
the samples. 

With regard to Mr. van Someren’s final query, I would state that, once our best 
experimental conditions had been determined by a preliminary series of tests, a set of 


 F. Twyman and A. Harvey: Reference of footnote 2. 
11 Private communication. 
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Quantitative Estimation of the Impurities in Tin by Means 
of the Quartz Spectrograph 


By C. Sransrigtp Hircuen,* Campripan, Mass. 
(New York Meeting, February, 1933) 


Tue introduction of the logarithmic sector method of quantitative 
spectrography by Scheibe and Neuhausser in 1928, and the subsequent 
modification and improvement of the method by Twyman and Simeon, 
would seem to have marked yet a further advance in quantitative spec- 
trum analysis and its industrial application, inasmuch as it offers a simple 
means of eliminating some of the uncertainties inherent in the older 
methods based upon mere visual comparison of line intensities. In their 
recent admirable review of the position and capabilities of industrial 
spectroscopy, Brownsdon and van Someren! say: 

Ways and means of facilitating the comparison of line-intensities so as to give 


them numerical values are helpful, and of these a logarithmie sector rotating in front 
of the slit appears to be one of the most promising; ... . 


The success recently experienced by the author in using this method for 
the examination of steels and solutions of metallic salts prompted him 
to investigate its possible use in estimating the impurities commonly 
present in crude and refined tin. The results of this investigation are 
submitted in the present paper. 

Details of a number of spectrographic analyses of tin for various 
impurities have already been published. Thus, Schweitzer? describes 
the spectrographic examination of tin for lead, bismuth and cadmium, and 
was able to distinguish between such atomic percentages as 0.01, 0.05, 
0.10, 0.30, 0.60, 1.20, 3.00 and 10.00. Negresco’ investigated the bismuth 
content of tin over a range of from 0.0005 to 35 per cent. Meggers, Kiess 
and Stimson! compare spectrographic and chemical analyses of tin metal 
for copper, lead, iron, zine, silver, nickel and bismuth. They stress also 
the value of spectrum analysis in the examination of tin used for boiler 
plugs, where the requirements that only minute quantities of impurities 
shall be present render the chemical analysis both tedious and difficult. 


* Member of the Imperial College of Science and Technology, London. Com- 
monwealth Fund Fellow, 1931-33. 

1H. W. Brownsdon.and E. H. S. van Someren: Jnl. Inst. Metals (1931) 46, 97. 

2B. Schweitzer: Zsch. f. anorg. u. allg. Chem. (1927) 164, 127. 

3'T. Negresco: Recherches Expérimentales d’Analyse Spectrale Quantitative sur 
les Alliages Métalliques. Les Presses Universitaires de France, 1927. 

4W. F. Meggers, C. C. Kiess, and F. J. Stimson: U. 8. Bur. Stds. Scz. Paper 444 
(1922) 325. 
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Further data concerning the spectrographic analysis of tin for bismuth, 
cadmium and lead is given by Gerlach and Schweitzer.° Various methods 
were adopted by the authors mentioned for measuring the intensities of 
lines due to the particular impurities investigated. Thus Meggers, Kiess 
and Stimson matched the intensities with the brightness of an electrically 
heated tungsten wire, while Negresco employed a microphotometer con- 
sisting of a photoelectric cell and galvanometer. Schweitzer employed 
the “internal standard” method, in which the intensity of a line due to 
the impurity was compared with that of a line due to the main constit- 
uent. As far as is known, the only previous application of the logarith- 
mic sector method to estimating impurities in tin was the original work 
carried out by Scheibe and Neuhausser,® in which they employed their 
newly devised logarithmic sector to determine lead in tin over a range of 
from 0.10 to 3.00 per cent.’ 

While a considerable amount of valuable information is therefore avail- 
able, a greater part of it is somewhat restricted in nature and no work 
appears to have been carried out with a view to providing tin smelters, 
and others commercially interested in tin, with such data as would enable 
them to examine their product spectrographically for all the commonly 
occurring impurities; namely, bismuth, copper, iron, lead, zinc, arsenic 
and antimony. The present work was undertaken therefore, with the 
object of establishing a procedure whereby all these impurities could be 
quantitatively determined in the same spectrogram over such ranges of 
concentration as are commonly met with in practice. 

Space does not permit here of a discussion of the principles involved 
in the logarithmic sector method nor of the general technique employed; 
these have, however, been adequately described in papers by Twyman 
and Simeon,* Twyman and Fitch,? and Twyman and Hitchen." 


APPARATUS AND TECHNIQUE 


Owing to the comparative simplicity of the tin spectrum, a quartz 
spectrograph of medium dispersion by Hilger (E.316) was chosen. Other 
apparatus employed consisted of a suitable quartz condensing lens, a 
Gramont stand for holding electrodes, a logarithmic sector mounted on 
a clockwork motor, and electrical apparatus for the production of are 
and spark discharge. The arrangement of this apparatus and the 


SW Gerlach and E. Schweitzer: Foundations and Methods of Chemical Analysis 
by the Emission Spectrum. Authorized translation of Die Chemische Emissions- 
spektralanalyse. Hilger, 1931. 
pa eee ad A. Neuhiiusser: Zisch. f. angew. Chem. (1928) 41, 1218. 

a eae pate estimation of lead in tin alloys has been studied more recently 
as i eee instrém, and 0. Schnettler: Zisch. angew. Chem. (1931) 44, 145. 
ee oe a F, Simeon: Trans. Opt. Soc. (1929-80) 31, 169. 

a : y an. Be A. be Fitch: Jnl. Iron and Steel Inst. (1930) 122, 289. 

- twyman and C. §. Hitchen: Proc. Roy. Soe. (1931) 183A, 72. 
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general technique adopted were precisely as described by Twyman 
and Hitchen. 

Spark Method—Excitation was provided by a 14-kw. transformer 
and autotransformer similar to the unit described and illustrated in the 
paper by Twyman and Hitchen (p. 74 and Fig. 2). Preliminary experi- 
ments showed that while the inclusion of self-induction in the spark 
circuit minimized the effect of air lines, it definitely detracted from the 
spectroscopic sensitivity of some of the elements, notably arsenic and 
antimony, therefore in later experiments it was omitted. 

A condensed spark of 15,000 volts on open circuit, without self-induc- 
tion, was maintained throughout the tests, the electrodes being 3 mm. 
apart. The latter were chisel-shaped, the blunted edges being set parallel 
to the axis of the collimator. With a slit width of 0.04 mm. and a 1 by 
13¢-in. (oval) stop, the time of exposure required 
was 90sec. A planoconvex condensing lens work- 
ing at distances of 70 cm. from the collimator lens 
and 19 em. from the light source was employed. 

Arc Method—The maintenance of an arc 
discharge between small bars of tin proved a 
somewhat difficult matter, owing to the low 
melting point of the metal, and it was necessary 
to devise some other method. After consider- 
able experimentation, the following procedure 
was adopted. 

The end of a graphite rod, 3¢ in. in diameter, 
was scooped out with the aid of a drill and ordinary 
carpenter’s countersink, into a cuplike cavity 
capable of holding between one and two grams of 
the tin sample. This was then fixed in the 
Gramont stand as the lower and positive electrode, 
while the upper negative electrode consisted of a = yy4g_ 1._Mrruop or 
similar graphite rod, 14 in. in diameter, tapered MatnTaINING ARC DIS- 


: b f - il h g CHARGE WITH A SMALL 
to. a point by means of a~pencil-sharpener, a8 ,younror Tin. 


- shown in Fig. 1. After the arc had been running _ Graphite rods with tin 


é se -, in cup of lower rod. 
for several minutes under these conditions it P 


was found that a considerable quantity of stannic oxide had collected 
around the electrodes and upon the surface of the metal. Owing 
to the possible effects that this might have upon the quantitative 
results, it was considered necessary to find some means of keeping 
the metal in a reduced condition and this was finally accomplished by the 
use of a small luminous coal-gas flame directed on to the surface of the 
molten tin. At first a little practice was required in regulating the jet 
to make it cover the surface of the tin and yet be not strong enough to 
sever the are. With an are current of 3 amp. and a convex condensing 
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lens placed 26 cm. from the slit and 26 cm. from the light source, the 
exposure required amounted to 30 sec. A slit width of 0.02 mm. and a 
54 by 7%-in. (oval) stop were employed. 

In taking spectrograms either with the are or spark, it is first necessary 
to bring the electrodes centrally within the lens aperture of the spectro- 
eraph; it is also important that the speed of the logarithmic sector should 
be maintained at approximately 300 revolutions per minute. 

Photography.—Rapid process panchromatic plates,” used in con- 
junction with a restrained hydroquinone developer, have been found most 
generally satisfactory for wedge-sector spectrophotometry, and were 
employed throughout the present investigation. For full details of the 
photographic technique employed, the reader is referred to papers by 
Twyman and Hitchen” (p. 91) and Twyman and Harvey.* It should 
be stressed here that the success of the wedge-sector method largely 
depends upon a rigorously standardized photographic procedure with 
time-temperature control of development. 

Measurement of Line Lengths —Measurement of the lengths of the 
lines in the wedge spectrum is effected by the use of a small eyepiece, 
provided with a 20-mm. scale divided into tenths of a millimeter and 
having a magnification of 12. The plates are viewed either by light 
reflected through the plate from a plain white surface or by light trans- 
mitted through a screen of opal glass, the essential point in both cases 
being that the illumination shall be of a bright and even character. 

Beginners frequently experience some difficulty in locating the 
termination of the lines but after a little practice fairly concordant results 
are obtained. It is difficult to measure a line length to within less than 0.2 
mm. and higher magnifications than 12 tend to confuse the observer rather 
than to help him. 


ANALYTICAL INTERPRETATION OF WEDGE SPECTROGRAMS 


In the logarithmic sector method, as in most other methods of quant- 
itative spectrography, the general procedure consists of first correlating 
the increase in intensity (or some function of the intensity) of a suitable 
line (or lines) of the element to be determined, with increasing percentage, 
this being accomplished by means of a series of either carefully analyzed 
or artificially prepared standard samples covering the desired range. The 
relationship between line intensity (or some function of the intensity) and 


tL Iford Rapid Process Panchromatic plates, 10 by 4 in., thin glass. Speed: 
Watkins 110, Wynne 67. Wratten Process Panchromatic plates are essentially 
similar to the Ilford plates and may be substituted for them. They have a somewhat 


higher speed and, particularly, a higher green sensitivity, but their contrast character- 
istics are about the same with equal development. 
? Reference of footnote 9, 


18. Twyman and A. Harvey: Trans. Opt. Soe. (1931-32) 33, 1. 
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percentage, thus determined, is usually shown by means of a table 
or graph, which can be afterwards referred to for the analysis 
of unknown samples. 

The effect of the logarithmic sector is to produce wedge spectra (Fig. 10) 
in which the length of a line is a function of its intensity, and hence of the 
concentration of the element to which its presence is due. The line length 
cannot be directly used for analytical purposes, however, because other 
factors, such as electrical and photographic conditions, exert a con- 
siderable influence upon it. Since some of these factors cannot be 
standardized beyond a certain and insufficient limit, the direct length 
still remains too inaccurate a criterion for analytical purposes. 

Under these circumstances the “internal standard’ method of 
Gerlach" is adopted, whereby the intensity of a chosen line of the element 
to be determined is measured in relationship to a neighboring line given 
either by the major constituent (in this case tin) or an element occurring 
in the samples in a known and constant amount. Then, provided that 
fluctuating electrical conditions cause no serious change in the relative 
intensities of the two selected lines, experimental conditions will affect 
both lines alike, and the line of the “internal standard,’’ whether of the 
major constituent or an added element, may be used for gaging the true 
intensity of the line of the element it is desired to estimate. Two such 
lines, one due to the internal standard and the other to the element, will 
be referred to hereafter as a “line-pair.”’ 

In their original paper on the wedge sector method, Scheibe and Neu- 
hausser took the following ratio: 


Length of line of element to be estimated 
Length of line of internal standard 


They plotted this against percentage. Twyman and Simeon,’ however, 
have shown that such a procedure is not justified by theory and that 
the difference of length between the two lines should be plotted against the 
percentage. In the present paper this latter course has been adopted. 
It is impossible to discuss here the selection of line-pairs, the deter- 
mination and use of homologous and fixation pairs of lines, and the possi- 
bility of fluctuating electrical conditions affecting the relative intensities 
of lines constituting a line-pair. These and other matters have been fully 
discussed by Gerlach and Schweitzer’ and by Twyman and Hitchen,” 
and the reader is referred to these sources for further information on this 


aspect of the subject. 


14 W. Gerlach: Ztsch. f. anorg. Chem. (1925) 142, 385. 
15 Reference of footnote 7. 
16 Reference of footnote 5. 
17 Reference of footnote 9. 
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ANALYSES OF SAMPLES 


The samples, which were prepared and analyzed by Mr. Carrott, of 
the Thames Metal Co., London, England, were in the form of bars 5 
in. long and 14 in. in diameter. The portions of the bar used for spectro- 
eraphic analysis were taken midway between the center and ends. The 
analyses of the bars (numbered 1 to 60) are given in Table 1. The 
amounts of the various elements occurring as impurity in tin metal should 
normally fall within the ranges of percentages given in that table. 


TaBLE 1.—Analyses of Samples 


Arsenic Antimony Bismuth Copper Tron Lead Zine 
Con- Con- Con- Con- Con- | Con- Con- 
Bar | tent, | Bar | tent, | Bar | tent, | Bar tent, | Bar| tent, | Bar| tent, | Bar| tent, 
No. Per No. Per No. Per | No. Per | No. Per No.| Per No. Per 
Cent Cent Cent Cent Cent Cent Cent 
28 |0.03 | 10 |0.032) 52 | 0.01] 36] 0.01 | 44 | 0.01] 60 |0.01 | 23 | 0.02 
27 |0.05 7 |0.05 5 | 0.03] 4] 0.026) 43 | 0.02) 59 |0.02 | 22 | 0.03 
7 10.059} 9 |0.073| 51 | 0.04] 35) 0.03 | 42 | 0.03) 7 |0.027) 21 | 0.04 
26 | 0.07 4 |0.08 | 50 | 0.05| 7| 0.04 | 41 | 0.04] 58 |0.04 | 20 | 0.05 
25 | 0:08 8 |0.10 | 49 | 0.06} 34} 0.05 5) (0.05) 57 05054) 19 170206 
5 |0.09 6 |0.52 | 48 | 0.07/| 33] 0.06 | 40 | 0.06} 56 |0.06 | 18 | 0.07 
Oasis 47 | 0.08) 32') 0.07 | 39 }.0.07) 55 |0.08 | 17 | 0812 
14 |0.538 46 | 0.09} 31) 0.08 | 38 | 0.08) 54 |0.09 | 16 | 0.22 
45 | 0.10) 80} 0.09 | 37 | 0.10} 53 |0.10 | 15 | 0.44 
12 Oe 2S opel s OO YA OL22 1 SS Ons 
5| 0.29 | 11 | 0.384) 1 )0.385 
29| 0.40 12 |0.60 
13} 0.61 3 |0.88 
RESULTS 


For the sake of conciseness, the results of the present investigation are 
given in the form of tables and graphs. The former indicate which of the 
principal lines of each element are best suited for use in the analysis of tin 
by both are and spark methods. Information regarding their persistency, 
intensity, and the possibility of their being masked, etc., will be found in 
the “Remarks” column of each table; it should be pointed out, however, 
that such information, especially that relating to intensity, is strictly 
valid only for spectrograms taken under experimental conditions identical 
with those referred to and described under the heading ‘Apparatus and 
Technique” earlier in this paper. The graphs given in Figs. 2 to 9 show 
the difference in length of selected line-pairs plotted as ordinates against 
percentages as abcissas. In the construction of these graphs it has been 
necessary to adopt the following convention: When the line of the ele- 


ment to be estimated is longer than the line of the internal standard, the 
difference is designated as positive. 
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Owing to reasons of space, it will be impossible to reproduce here the 
complete set of line-length measurements from which the curves were 
constructed, but the exscript given in Table 2 will serve as an example. 


TaBLeE 2.—Hzample of Line-length Measurements* 


Fe ae 
IRON in Tin; line-pair used = on Are (‘‘gas-flame” method). 
Fe 15020, 646 oe 3141.81 Difference in Length, Mm. 
Fe, Length, Mm. eth, Mm. Average 
Per Cent Difference 
a b c a | b | c a b c 
0.01 VOW ORD veal) TO Ne) Wes Ol S00 || Geil) ae a AD 
0.02 TEAM neo ge Gulaeca) Lon ON dise Ollie NiO). Oa —5.6 
0.03 | SoC Seal) TWO lO OA Se || a) |) cil —5.1 
0.04 Seo) Sree See ised cs One One — 4 Oui, Ae Gl — Ae —4.7 
0.05 Se7 Hse Oot) 18.6 13.5) ts 5 = 409" AG — 44 —4.6 
0.06 9.1/ 9.3} 9.3) 13.3) 18.4]. 13:3) —4.2 | =—4.1 | —4.0 —4,.1 
0.07 Onoda | SORSielosOllis OlMlse Is R—oac oe ON one —3.4 
0.08 eons Oso SeOie oe? sell —— onde Oe oe 2 —3.3 
0.10 Quo Oy eis 9aSe) 126 lee d2e5i) — esa — 3.05 287 —3.0 
0.22 Ae eels e4 else Ss Ona 2. Onl) — 220M eS —1.9 
0.34 MiG ia ies lod tee Tae — O78 i 10) O89 —0.9 


2 Three sets of readings, a, b, c, were taken at intervals by the same observer. 


TasiE 3.—Principal Lines of Bismuth Best Suited for Usein Analysis of Tin 


Spark, SENSITIVE LINES 


mr 
Wave Length, [A 


Remarks 


3067.73 Most sensitive, persisting to 0.01 per cent Bi. May be measured 
with the tin line 3141.81. 

2989 .04 Does not occur below 0.10 per cent Bi. 

2938.31 Masked by a band of the tin spectrum. 

2897 .98 Does not occur below 0.10 per cent Bi. 

2780.52 Masked by the tin line 2779.81. 

Arc, SENSITIVE LINES 

4722.7 : 5 : ; 

4722.5 Persist down to 0.01 per cent Bi, but unsuitable for measurement 

4792.2 in presence of Zn owing to the zine line 4722.163. 

3067.73 Most sensitive continuing to appear down to 0.001 per cent Bi. 
Unfortunately this line is masked by iron (3067.253). 

2897.98 Persists to well below 0.01 per cent Bi, but masked by iron when 


it exceeds 0.20 per cent. May be measured against Sn, 2787.9. 


ee 
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The following homologous pairs are given by Gerlach and Schweitzer’® 


for the analysis of Bi in Sn in the spark spectrum (wave lengths given to — 
the nearest whole number) : 


Biker cease 3068 2697 2938 2628 2938 3068 3019 3068 
Sinectvae ree 3009 2765 3142 2637 2765 3142 3219 3224 
Difference Difference 
in length] 


PE 


= 
0 


7 
1 ‘| 
] 
4 
2 7 
hi 
' 
3 : 
273: Cu. | 
4 13218-7A. . 
4 
: 
0 0-1 0-2 0-3 7 
5 % Cu. 
Fig. 2.—INTENSITY-COMPOSITION CURVES FIG. 3.—INTENSITY-COMPOSITION CURVE 
FOR BISMUTH (ARC AND SPARK EMISSION). FOR COPPER (SPARK EMISSION). 


Tasie 4.—Principal Lines of Copper Best Suited for Use in Analysis of Tin 


SPARK, SENSITIVE LINES 


S=Wave Length, [A 0)... a pun ch Nesom car Ic tun En 
4378 .17 Appears in the spectrum only when copper exceeds 0.10 per cent. 
3273 .964 This well-known copper doublet is extraordinarily sensitive, 
eee persisting to 0.001 per cent Cu. The tin line 3218.7 is suitable 

as a standard for measurement. 
2529 .43 Seen faintly in the spectrum of tin containing 0.01 per cent Cu. 
2369.91 Persists to 0.01 per cent Cu but liable to be masked by As 2369.7 


and Fe 2369.59. 


Arc, Sensitive LIngs 


5105.551¢ Seen faintly with 0.01 per cent Cu but owing to its occurrence in 
the visible region this line is unsuitable for measurement when 
the “‘gas-flame’’? method (p. 5) is employed. 

4063 . 293 a Persist down to 0.01 per cent Cu but measurement is difficult and 


4062 .694 unsatisfactory in presence of Pb (Pb, 4057.8). 

Eee: Extraordinarily sensitive. Too strong for length measurements 

3247 .550 until Cu falls to 0.05 per cent. Excellent for qualitative work. 

2961.177¢ Persists down to 0.03 per cent Cu. May be used for measurement 
with Sn 2787.9 as a standard, 

2824.3784 Seen faintly in the spectrum of tin containing 0.01 per cent Cu. 
Unsuitable for measurement. 

2766 . 388 Seen faintly with 0.30 per cent Cu. 

2618 .381¢ Seen faintly with 0.06 per cent Cu. 


* Hasbach’s values [Ztsch. wiss. Phot. (1914) 18, 399-430]. 


18 Reference of footnote 5. 


a, 
5 


. 
bh 


NT ee ON ee Cae 
' wee 
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The curves of Fig. 2 were constructed from measurements of the spark 


li . Bi 3067.73 oe li . Bi 2897.98 
ine-palr Sn 3141.81 and O € are line-pair Sn 2787.90 


Fie. 4.—INTENSITY-COMPOSITION CURVE FOR COPPER (ARC EMISSION). 


The arc lines of copper are not so well adapted to quantitative estima- 
tion as are those of the other elements, owing to the unbalanced character 
of their intensities and persistencies. Thus, while the well known doublet, 
3274-3247, is extraordinarily sensitive and usually appears too strong for 
length measurements, the remaining copper lines possess comparatively 
poor sensitivity. For purposes of quantitative spectrographic estimation, 


the spark lines of this element are far superior. 


Cu 3273.964 
Curves are given for the spark line-pair = ee and the are line- 


CrZ9ol 77. 
pair 5) 9787.9 (Figs. 3 and 4). 

In Table 5 are given the sensitive spark lines for iron as confirmed 
during the present investigation. Owing to their larger number, the 
scheme of tabulation adopted differs slightly from that employed in Tables 
3 and 4. Where a sensitive iron line is liable to be masked by the line of 
another element occurring in tin samples, the symbol of that element and 
the wave length of the interfering line are given in brackets after the 
iron line. 

Fig. 5 shows a curve obtained by plotting difference of length of the 

Fe 2382.04 : 
spark line-pair Sn 2380.75 against percentage of Fe. 

The are spectrum of tin containing 0.30 per cent of iron exhibits a 
considerable number of lines due to the latter element which tend to 
arrange themselves in groups between 5700A in the visible and 2450A in 
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Tasie 5.—Principal Lines of Iron Best Suited for Use in Analysis of Tin 


Spark, SENSITIVE LINES 
Wave Lenetu, IA 


Grow faint at 0.01 per cent (2 


Fe, but still visible } 


These lines occur very om l 
in the spectrum of tin al 


ing 0.01 per cent Fe. 


Faint at 0.02 percent Fe. <¢ 


Occur as faint lines in ol ee aoe} : 
ad S057 S70 ae \ Disappear when Fe falls to 0.02 per 
1... ++. -2936.904 (Bi 2938.31) 

5 ) Disappear 


spectrum of tin 
0.01 per cent Fe. 


Disappear at 0.04 per cent Fe. { peta eee ' 


Pegeeeate at 0.04 per cent 
‘e. 


the ultra violet. 


3820: 430i. ep netsetrenae te iat 
2755.74 (Zn 2756.4). 
2753.29 


2599. 20 (Cu 2600.4)....... 
2598. 377 (Sb 2598.077) 


2404. 886 (Cu 2403.4)...... 
2399.24 (Cu 2400.10) 
3 


Persists to 0.10 per cent Fe. 


y 


Possess good intensity, even 
at 0.01 per cent Fe and should 
persist to well below this 
percentage. 


Seen in the spectrum of tin 
containing 0.01 per cent Fe. 


Medium intensity at 0.01 
per cent Fe. 

Most sensitive. lines possess- 
ing good intensity at 0.01 per 
cent Fe. Should persist to 
0.001 per cent. 


Teontees i eee: This characteristic group, seen in the 
4890770 Sa as visible spectrum of the iron arc, occurs 
4279 VAGUE only when iron exceeds 0.10 per cent. 
4415.128 (Cu 4415. 6) 

4404.754 

4383 .549................. Well defined at 0.02 per cent 
4325.768 Fe. 

4307.909 (Bi 4308.2) 

4271.765 


3608. 861 (Cd 3610.510).../ 0.02 per cent. 
2 


3020. 645 A. Well 


Suitable for measurement 
against Sn 3655.92 A but dis- 


appear when Fe falls below 


Persists to 0.01 per cent Fe. 


SOQ ia eee Suitable for measurement with Sn 3141.8 


defined at 0.01 per cent Fe. 


(The Zn line at 3018.38 does not usually 


interfere.) 
2053,943...... 0.55 § cent. 


2786 UTE a Aa \ per cent. 


when Fe falls below 0.03 


2720. 909 cLetths pe RC eee This doublet seen faintly with 


2719.036 (Sb 2718. SA) 
2613.835 


0.01 per cent Fe. 
Well defined at 0.01 per cent Fe but 


2599. 577 masked by Pb 2613.68. 

2598.380 (Sb 2598.077).. segeen faintly with 0.01 per cent 
2527 4a aires Disappears at 0.06 per cent Fe. 

2520) SAD a4 erie Disappears at 0.03 per cent Fe. 

DOUS VO nnes 

ZOLONS389n ae as Disappear at 0.01 per cent Fe. 

2001 LG: conse oe 

2488.148........ Disappears at 0.03 per cent Fe. 
2483 27 Tumenen rs Masked by Sn 2483.4. 


When the percentage of iron is decreased, many of 


these lines disappear but some persist to 0.01 per cent Fe, and may inter- 
fere with certain lines due to other elementary impurities which it is 


desired to estimate. 


Before searching the spectrogram for these latter 


lines therefore, it is advisable to observe the number and intensity of the 
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iron lines. A little practice should enable the observer to assess the 
amount of iron present with fair precision by a mere visual inspection of 


Fe 3000 645 


a ; 3020.645 
the plate. A ce 
e plate curve is given (Fig. 6) for the arc line-pair Sn 3141.81 


TABLE 6.—Principal Lines of Lead Best Suited for Use in Analysis of Tin 
Spark, Sensitive Lines 


Wave Length, IA Remarks 
4057 .830 Given by de Gramont as the most sensitive line but masked by 
an air line at 4057.8. 
3683 .472 Persists to 0.01 per cent Pb but is difficult to read when Pb is 


below 0.03 per cent. The tin lines suitable as standards are 
3655.92 and 3218.7. 

3639. 584 Persists to 0.04 per cent Pb but an air line at 3639.6 renders 
readings difficult. May also be masked by 3637.83 given by 
relatively high contents of Sb. 


2873 .32 Persists te 0.06 per cent Pb. 
2833 .069 Persists to 0.01 per cent Pb. Suitable for measurement. 
2802 .007 Does not appear when Pb is below 0.02 per cent. 
2663.17 Does not appear when Pb is below 0.02 per cent. 
lige ae Disappears at 0.05 per cent Pb. Unsuitable for measurement, 
(2613.68 being masked by a band and Fe 2613.84. 
2577. 280 Only seen when Jead exceeds 0.50 per cent. 
2203.5 Does not appear when Pb is below 0.10 per cent. 


Arc, Sensitive Lines 


4057.830 Very strong, persisting down to 0.001 per cent Pb. Liable to 
masking by 4057.87 due to Zn. 

3683.47 Very strong. Suitable for measurement against Sn 3655.92. 

3671.50 Persists down to 0.01 per cent Pb. 

3639. 584 Similar to 3683.47 above. Suitable for measurement. 

2873 .32 Wel] defined at 0.01 per cent Pb. Liable to masking by Fe 
2874.17. 

2833 .069 Very strong. Should persist to 0.001 per cent Pb. 

2823 .199 Well defined at 0.01 per cent Pb. Masked by Fe 2823.28. 

2802 .007 Very strong. Unsuitable for measurement in presence of rela- 
tively large amounts of Zn (Zn 2802.00). 

2663.17 Well defined at 0.01 per cent Pb. 

page Well defined at 0.01 per cent Pb. Masked by Fe 2613.84. 

2613.68 

2577.84 Disappears at about 0.05 per cent Pb. 

2476.39 Seen faintly in the spectrum of tin containing 0.02 per cent Pb. 


According to Gerlach and Schweitzer the following are homologous 
pairs of lines in the spectra of tin containing lead as an impurity (wave 
lengths given to nearest whole numbers): 


cr —— —————_—_ 
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PD. ceeersce: 2833* 2663* 2802 4058 2614* 2823* 2873* 2802 4058 2614 
Sane sana 29851 2661 2851 3801 2594 2765 2765 2765 3656 2637 
Difference ot 02 03 o4 
in length 


mm. 


(minus) 
| 


Fig. 5.—INTENSITY-COMPOSITION Fig. 6.—INTENSITY-COMPOSITION 
CURVE FOR IRON (SPARK EMISSION). CURVE FOR IRON (ARC EMISSION). 


The line-pairs marked with an asterisk were used by Scheibe and 
Neuhdusser in their original experiments with the logarithmic sector. 


TaBLE 7.—Principal Lines of Zinc Best Suited for Use in Analysis of Tin 


Spark, SENSITIVE LINES 


Wave Length, IA Remarks 


4810. 534 Does not occur below 0.10 per cent Zn. 
4722 .163 Does not occur below 0.20 per cent Zn. Masked by Bi. 


3345.9 , : 5 
Suitable for measurement against Sn 3218.7. Disappears at 
3345.51 
about 0.02 per cent Zn. 


3344.91 
ee Suitable for measurement against Sn 3218.7. Persists to 0.01 
3302.56 per cent Zn. 
2138.5 Seen faintly in the spectrum containing 0.4 per cent and 0.2 per 
cent Zn. 


Arc, Sensitive Lines 


4810. 534 Persists to below 0.01 per cent Zn. Suitable for measurement 

against Sn 5631.92. 

4722 .163 Persists to below 0.01 per cent Zn. Masked by Bi triplet. 

4680.140 Persists to below 0.01 per cent Zn. Masked by Fe, 4678.855 

above 0.10 per cent. 

Roan ort Persists to below 0.01 per cent Zn. Suitable for measurement 

with Sn 3218.7 as standard. 

ee at Persists to below 0.01 per cent Zn. There is possibility of inter- 

ference by Na lines 3302.94 and 3302.34. 

Unsuitable for measurement being masked by an unknown line 
(due either to AgTi, or Cu). 


a 
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The curves given in Fig. 7 are for the spark line-pair a and 
Pb 3639.58 ; 


the are line-pair Sh 3655.92. With regard to the are spectrum, it was 


Difference 


in engin + = 
; 
iS 
an Sail ’ cy De i 
%o| Pb 
: 0 Z. 9 


i im ies | 
3 : | | 
4 -H L | 
. 2 t | 
: es Ate Line-Paig —13639-58A Pb. 
P ea ee -92A Sn. 
3 
° Spark Line-Paly — [3683-474] Pd. 
ig 3218-7 A\ Sn. 
4 4 
ih 
5 | all > 
NO UE So i a | Ik 


Fic. 7.—INTENSITY-COMPOSITION CURVES FOR LEAD (SPARK AND ARC EMISSION). 


found that this line-pair was unsuitable for amounts of lead above 0.35 


per cent, owing to the strength of the lead line. For its estimation 


: ; _ Pb 2873.32 
above this percentage, the line-pair Sn 3218.7 may be employed. 


Diff . 
in lengli — 
mm. 


A 05 06 


9 


Fig. 8.—INTENSITY-COMPOSITION Fic. 9.—INTENSITY-COMPOSITION CURVES FOR 
CURVES FOR ZINC (SPARK AND ARC ARSENIC AND ANTIMONY (SPARK EMISSION). 
EMISSION). 


The three are lines for zinc, 4810.534, 4722.163 and 4680.140, are 
very striking and characteristic, and can be discerned at a glance in 


— : 
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the spectrum of tin containing only 0.01 per cent Zn. Curves are given 
3345.51 


Zn 
: 3344.91 ; ; 
in Fig. 8 for the spark line-pair “Th 3218.7 and the arc line-pair 


Zn 4810.534_ 
Sn 5631.92 
Tasie 8.—Principal Lines of Antimony Best Suited for Use in Analysis of 
Tin 
Spark, SEnsITIVE LINES 
Wave Length, IA Remarks 
3267.48 Does not appear with 0.52 per cent Sb. 
3232.52 Appears with 0.52 per cent but not with 0.20 per cent Sb. 
2598 .077 Most sensitive line but masked by Fe 2598.380 which appears with 
low percentages of iron. 
2528 .53 Coincides with Si 2528.516 and As 2528.4, the latter appearing 
with 0.10 per cent As. 
2311.50 Useful for estimating Sb in tin from 0.07 per cent to 3 to 4 per cent. 
The tin line 2317.22 may be used as a standard. 
Arc, SENSITIVE LINES 
2877 .92 If iron does not exceed 0.10 per cent, this line may be measured 
and persists to 0.07 per cent Sb. 
2769.94 Masked by Zn 2770.85, which appears with very low percentages 
of that element. 
2598 .077 Sensitive but masked by Fe 2598.380. 
2528.53 Sensitive but masked by Fe 2529.139. 
2311.50 May be used when iron does not exceed 0.10 per cent and is 
sensitive to 0.07 per cent Sb. 


TABLE 9.—Principal Lines of Arsenic Best Suited for Use in Analysis of Tin 
SPARK, SENSITIVE LINES 


Wave Length, IA Remarks 
2860. 46 Does not appear below 0.23 per cent As. 
2780.28 Masked by Sn 2779.81. 
2745.00 Masked by Fe 2746.486. 
2349 . 84 Persists down to 0.03 per cent As. Suitable for measurement with 
Sn 2334.816, 
2288 14 Not very sensitive. Liable to masking by Zn 2288.0. 


Arc, SENSITIVE LINES 


2860.46 Does not appear below 0.50 per cent As. 
2780.23 Masked by Sn 2779.81. 
2349.84 Most sensitive persisting down to 0.03 per cent As. May be 


measured against Sn 2334.816 as a standard. 
2288 .14 Masked by Fe 2289.0. 
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SPECTROGRAMS. 


Fia 10.- 


The spectrograms shown in Fig. 10 were taken under identical experi- 
mental conditions and there is therefore perfect gradation in line intensi- 
ties. A certain amount of finer detail is, of course, lost in reproduction. 


Dem 


~ 
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Both antimony and arsenic are elements of poor spectroscopic sensi- 
tivity, and if it were found necessary to examine for these elements in 
small amounts, the only means of overcoming the difficulty would be to 
increase the time of exposure. This, however, would be better carried 
out in a separate spectrogram, as increase of the time of exposure would 
cause the lines of the other elements present to appear too strong for 
length measurements. 


Fig. 9 shows the curves obtained for arsenic and antimony using spark 


ae : _ As 2349.84 , . 
emission, the line-pair Sn 2334.816 being employed for the former element 


d Sb 2311.50 
Pe Sn Dole 
for the detection and estimation of these two elements. 


for the latter. Are emission cannot be recommended 


CONCLUSION 


By employing the spectrographic technique described, it has been 
possible to estimate bismuth, copper, lead, iron and zinc, occurring 
as impurities in tin, over such ranges as should meet ordinary industrial 
and commercial requirements. Owing partly to their poor spectroscopic 
sensitivity and partly to the masking of their most sensitive lines by 
those of other elements, arsenic and antimony cannot be estimated in 
amounts less than 0.03 and 0.07 per cent respectively. 

The results obtained are summarized in Table 10, which indicates, for 
each metallic impurity, the number of determinations made, the approxi- 
mate range of estimation and the errors incurred. The latter are stated 
in terms of the total amount of the element present: thus, a determination 
giving 0.11 per cent of an element as being present when there was actually 


TaBLE 10.—Estimated Impurities in Tin 


Spark Are 
Number of Cases Number of Cases 
erie ‘ - in Whee aoe : in Which Error 
7 | ABR | Sunber | Saeed | ee 
Range, minations Range Se ee 
Per Cent : 5 10 25 Per Cent HANA OUS 5 10 25 
Per | Per | Per Per | Per | Per 
Cent | Cent | Cent Cent | Cent} Cent 
— =< i = — 
[scorns pane 0.02-1.00 9 0.02—-1.00 9 il 
(Guieee so: 0.02-0.30 10 1 0.03—-0.60 itn 1 1 
Bitneeen 26.0 .01=0.30 10 1 0.01-0.30 10 3 
Hevea. 0.01-1.00 11 1 0.01-1.00 ih 1 3 
INN iota ee 0.01-1.00 13 2 1 | 0.01-0.35 11 2 
(A Senta; 0.03-0.50 4 a 1 
SDrieerin 0.07-0.50 4 
TRONICW cen Oe 0 Cen 64 3 4 1 52 a 5 0 
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only 0.10 per cent implies an error of 10 per cent. Out of a total of 64 
estimations by spark emission, 8 instances occurred in which the error 
exceeded 5 per cent: in estimating by the arc there were 12 such instances 
out of a total of 52, and of these 5 exceeded 10 per cent. 

The 96 cases where the error was less than 5 per cent require little 
comment beyond stating that under such circumstances the spectro- 
graphic method compares very favorably with, and in certain cases excels, 
the ordinary assay methods. From a standpoint of the reliability of the 
method, however, it is pertinent to inquire into the causes of the larger 
errors. Careful consideration of the experimental procedure showed that 
no blame could be attached either to the sector, spectrograph, or photo- 
graphic technique, and it was equally clear that the analyses were not 
at fault. Further inquiry and investigation led the author to the con- 
clusion that these larger errors arose from occasional inequalities in the 
light source, their origins differing with the form of emission employed. 

In the case of the spark, the small variations in electrical conditions 
were quite insufficient to account for these larger errors and their cause 
appears to be due to occasional small-scale segregation of the elementary 
impurity, the effect of which is rendered appreciable by reason of the small 
surface of the sample from which sparking actually takes place. The 
chief factor involved in bringing about such segregation is doubtless the 
gravitational sinking of early formed crystals of the impurity, or a phase 
containing it, in the still-molten metal. Thus the high specific gravity 
of lead (11.34) compared with that of tin (7.30) coupled with the practi- 
cally complete insolubility of lead in the latter metal would seem to 
account for the increase in the number of determinations where the errors 
exceeded 10 per cent (3 out of 13). Zine presents an interesting con- 
trast to lead in this respect, for here the specific gravities of the two metals 
(tin and zinc) are almost identical and Curry" has found that all tin-zine 
alloys containing less than 5 per cent of zine are homogeneous under 
the microscope—an observation which is in harmony with the satisfactory 
results obtained for this element. Opportunity for segregation of small 
amounts of copper and bismuth to occur in tin exists, but on the whole 
does not appear to be so great as the opportunity for segregation of lead. 

Stead’? who investigated the ternary alloys of tin, arsenic and anti- 
mony, discovered that all alloys of tin and antimony containing less 
than 7.5 per cent of antimony crystallize in the same arborescent forms as 
pure tin, the crystallites of tin containing SnSb in solid solution. The 
behavior of tin-arsenic melts was totally different, there being a tendency 
to segregation by reason of the formation of tin-arsenide, Sn;As», crystals 
of which compound floated to the surface of the molten metal. The 
somewhat erratic results obtained with a tin sample of high arsenic con- 
tent might be ascribed to such a cause. 


1 B, EK. Curry: Jnl. Phys. Chem. 18, 589. 
20 Stead. Jnl. Inst. Metals (1919) 22, 127. 
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From the above considerations it is evident that, in order to realize 
the full accuracy of which the spectrographic method is capable, precau- 
tions should be taken to avoid small-scale segregation in the preparation 
of the sample bars. These may be effected by casting in a chilled mold 
and, if time permits, by subsequent annealing for a short period. Asa 
further check, it is recommended that at least two spectrograms be taken 
of the same sample, the greater certainty which this affords being well 
worth the extra two or three minutes required. 

In employing are emission, the possibility of error due to segregation 
does not enter, since the metal is here in the molten condition. The 
larger errors in this instance are doubtless caused by fluctuations in the 
electrical conditions which are far more difficult to control*! than in con- 
nection with the spark. 

Experience gained during the present investigation led the author to 
regard the spark as a more satisfactory form of emission than the are 
for estimating the impurities in tin. While it is true that most elements 
are more sensitive in the are and that, from a commercial point of view, 
this form of emission is cheaper and more convenient than the spark, it 
suffers from two disadvantages: (1) the difficulty of controlling electrical 
conditions, noted above, and (2) the fact that the highly sensitive lines 
in the are spectrum of iron seriously interfere with the detection and esti- 
mation of the other elements. Moreover, it was found that the estima- 
tion of copper was less satisfactory by the are, and it was also unsuitable 
for arsenic and antimony. For these reasons, therefore, spark emission 
is to be preferred for more precise work although the are might prove 
useful when only an approximate analysis is required, or when it is 
merely necessary to ascertain whether a given element is present in 
amounts much above or below a stipulated percentage. 
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*1 Tt has subsequently been found that self-inductance, placed in series in the are 
circuit, exerts a considerable steadying influence. 
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